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Abstract 
__ ~h' 
The aim of this research was to provide a comprehensive evaluation of the heavy metal 
removal performance of two synthetic zeolites, Zeocros CA150 and Zeocros CG180. 
Detailed laboratory investigations of the key parameters known to affect zeolitic ion 
exchange were performed with respect to lead, zinc, copper, cadmium and nickel by means 
of batch equilibrium tests. 
The study into the effect of contact time suggests that a near equilibrium state was reached 
within two hours. As metal hydroxide precipitation was minimal at pH 6.0 and the structural 
integrity of the zeolite was maintained, metal removal at this pH is predominantly by ion 
exchange rather than chemical precipitation. Fluctuations in both silicon and aluminium 
release from the zeolites suggest that partial dissolution may occur under mildly acidic 
conditions, an observation discussed elsewhere in the literature. 
Heavy metal removal decreased with increasing metal loading, with the zeolites exhibiting 
Significantly lower operating exchange capacities compared to the theoretical ones. 
Exchange capacities varied between 1.3-4.9 meq/g and 0.5-4.6 meq/g for CA 150 and 
CG180 respectively for the five metals studied. Throughout all of the experimental 
investigations, lead was removed preferentially (>99%) and nickel removal effiCiencies were 
the lowest «20%). The results from the mixed metal studies demonstrated that lead 
removal was the least affected by the presence of other heavy metals whereas cadmium, 
copper and zinc removal was suppressed in comparison to that from Single metal solutions. 
The presence of competing ions was not found to adversely affect lead removal by CA 150 
and CG180, with copper and cadmium removal showing the most suppression in the 
presence of calcium, magnesium, potassium and sodium. Zinc uptake by both zeolites 
proved the most sensitive to the addition of hardness ions even under soft water conditions. 
The zeolites were also demonstrated to achieve up to 100% removal from real effluents, 
outperforming a natural zeolite, clinoptilolite. Overall, this research has demonstrated the 
considerable potential of these synthetic zeolites to selectively remove heavy metals from 
complex contaminated effluents, indicating their possible application as a tertiary technology 
for effluent treatment. 
1 Centre for Environmental Health Engineering 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
Contents 
1 
2 
Abstract 
Contents 
List of Figures 
List of Tables 
List of Nomenclature 
List of Abbreviations 
Acknowledgements 
Introduction 
1.1 Alms and Objectives 
The Application of Zeolites for Heavy Metal Removal 
2.1 Heavy Metals in the Environment 
2.1.1 Introduction 
2.1.2 Environmental Impacts of Heavy Metals 
2.1.3 Lead 
2.1.4 Cadmium 
2.1.5 Nickel, Copper and Zinc 
2.2 Heavy Metal Removal 
2.2.1 Conventional Removal Methods 
2.2.2 Novel Advanced Removal Methods 
2.3 Adsorption 
2.3.1 Mechanisms 
2.3.2 Heavy Metal Removal by Adsorption 
2.4 Ion Exchange 
2.4.1 Introduction 
2.4.2 Ion Exchange Materials and Performance 
2.5 Zeolltlc Materials 
2.5.1 Definition 
:,., --
1 
2 
8 
13 
16 
18 
20 
21 
23 
24 
24 
24 
24 
25 
26 
27 
28 
28 
32 
33 
33 
36 
38 
38 
39 
42 
42 
2 Centre for Environmental Health Engineering 
3 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
2.5.2 Structures and Composition 
2.5.3 Synthesis and Formation 
2.5.4 Properties and Characteristics of Zeolites 
2.5.5 Ion Exchange 
2.5.6 Zeolite Stability 
2.6 Zeolite Applications 
2.6.1 Catalysis 
2.6.2 Detergent Building 
2.6.3 Novel Applications 
2.7 Applications In Environmental Control 
2.7.1 Nuclear Waste Treatment 
2.7.2 Contaminated Land Treatment 
2.7.3 Municipal Wastewater Treatment 
2.7.4 Waste Stabilisation and Solidification 
2.7.5 Agricultural Applications 
2.7.6 Acid Mine Drainage 
2.8 Heavy Metal Removal by Zeolites 
2.8.1 Synthetic Zeolites 
2.8.2 Natural Zeolites 
2.8.3 Effect of Pre-Conditioning 
2.8.4 Particle Size 
2.8.5 Competing Ions and Complexing Agents 
2.8.6 Materials Recovery and Regeneration 
Experimental Programme 
3.1 
3.2 
3.3 
Introduction 
Materials 
3.2.1 Zeocros CA 150 
3.2.2 Zeocros CG 180 
3.2.3 Clinoptilolite 
3.2.4 Chemical Reagents 
Method Development of Batch Equilibrium Experiments 
3.3.1 Introduction 
3.3.2 
3.3.3 
3.3.4 
Zeolite Hydration 
Moisture Content 
Benchmarking 
3 Centre for Environmental Health Engineering 
42 
44 
47 
50 
55 
59 
59 
61 
61 
61 
61 
62 
63 
65 
65 
66 
66 
66 
68 
68 
70 
71 
76 
77 
77 
77 
77 
78 
78 
79 
80 
80 
80 
80 
81 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
3.3.5 Zeolite Conditioning 81 
3.3.6 Batch Testing 81 
3.3.7 Methods of pH correction 82 
3.3.8 Zeolite Dosage 84 
3.3.9 Heavy Metal Concentration 86 
3.3.10 Phase Separation 87 
3.4 Batch Equilibrium Test Procedure 88 
3.4.1 Procedure 88 
3.4.2 Quality Control 92 
3.5 Batch Equilibrium Test Analysis 93 
3.5.1 Introduction 93 
3.5.2 Principles of Inductively Coupled Plasma Atomic Emission 93 
Spectroscopy 
3.5.3 Instrumentation 97 
3.5.4 Quantification 98 
3.5.5 Interferences 103 
3.6 Presentation of Results 104 
3.7 Summary 105 
4 Chemical and Physical Characterisation of Zeolites 106 
4.1 Introduction 106 
4.2 Zeolite Oxide Composition by XRF Analysis 106 
4.2.1 Principles of X-Ray Fluorescence 106 
4.2.2 Instrumentation 107 
4.2.3 Zeolite Composition 107 
4.3 Crystalline Structure and Identification of Zeolites by XRD Analysis 109 
4.3.1 Principles of X-Ray Diffraction 109 
4.3.2 Instrumentation 110 
4.3.3 Zeocros CA 150 110 
4.3.4 Zeocros CG 180 110 
4.3.5 Clinoptilolite 110 
4.4 Scanning Electron Microscopy Analysis of Zeolites 114 
4.4.1 Principles of Scanning Electron Microscopy 114 
4.4.2 Instrumentation 114 
4.4.3 Zeocros CA 150 115 
4.4.4 Zeocros CG 180 115 
4.4.5 Clinoptilolite 115 
4 Centre for Environmental Health Engineering 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
4.5 Trace Elemental Composition of Zeolites by ICP-AES 118 
4.5.1 Introduction 118 
4.5.2 Instrumentation and Quantification 118 
4.5.3 Sample Preparation 118 
4.5.4 Results 119 
4.6 Particle Size Distribution, Surface Area and Porosity of the Zeolites 119 
4.&.1 Surface Area Measurement 119 
4.&.2 Pore Size Measurement 121 
4.&.3 Particle Size Distribution Measurement 122 
4.7 Summary 127 
5 Study Into the Effect of Contact Time on Heavy Metal Removal 128 
5.1 Introduction 128 
5.2 Experimental Procedure 128 
5.3 Results 129 
5.3.1 Single Metal Systems 129 
5.3.2 Mixed Metal Systems 133 
5.3.3 Temperature Effect on Mixed Metal Systems 135 
5.4 Discussion 137 
5.4.1 Determination of Analytical Variation 137 
5.4.2 Effect of Contact Time 137 
5.4.3 Effect of Temperature on Mixed Metal Systems 141 
5.5 Summary 142 
6 Study Into the Effect of pH on Heavy Metal Removal 144 
&.1 Introduction 144 
&.2 Experimental Procedure 144 
&.3 Results 145 
&.3.1 Single Metal Systems 145 
&.3.2 Mixed Metal Systems 154 
&.4 Discussion 160 
&.5 Summary 166 
5 Centre for Environmental Health Engineering 
7 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
Study into the Effect of Zeolite Dosage and Heavy Metal 
Concentration on Heavy Metal Removal 
7.1 Introduction 
7.2 Experimental Procedure 
7.3 Results 
7.3.1 Single Metal Systems 
7.3.2 Mixed Metal Systems 
7.4 Discussion 
7.5 Summary 
168 
168 
168 
169 
169 
172 
175 
178 
8 Study into the Effect of Competing Ion Addition on Heavy Metal 180 
Removal 
8.1 
8.2 
8.3 
8.4 
8.5 
Introduction 
Experimental procedure 
Results 
8.3.1 Lead Systems 
8.3.2 Nickel Systems 
8.3.3 Copper Systems 
8.3.4 Cadmium Systems 
8.3.5 Zinc Systems 
8.3.6 Heavy Metal Dosage 
8.3.7 Mixed Heavy Metal Systems 
Discussion 
Summary 
180 
181 
183 
183 
188 
192 
197 
201 
206 
210 
213 
217 
9 Application of Synthetic and Natural Zeolites for the Treatment 220 
of Contaminated Effluents 
9.1 
9.2 
Introduction 
Heavy Metal Removal from Synthetic Wastes by Natural Zeolites 
9.2.1 Introduction 
9.2.2 
9.2.3 
Experimental Procedure 
Results 
6 Centre for Environmental Health Engineering 
220 
221 
221 
221 
221 
10 
11 
12 
13 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
9.3 
9.4 
9.5 
Heavy Metal Removal from Real Effluents using Synthetic and 
Natural Zeolites 
9.3.1 Introduction 
9.3.2 
9.3.3 
9.3.4 
Experimental Procedure 
Characterisation of Effluents 
Results 
Discussion 
Summary 
Discussion 
10.1 
10.2 
10.3 
10.4 
10.5 
10.6 
Discussion of Current Work 
Comparisons with Previous Work in this Area 
Achievements of Current Work 
Shortcomings of Current Work 
Work Beyond the Scope of the Current Research 
Recommended Research in this Area 
Conclusions 
Appendices 
12.1 
12.2 
Electrochemical Equilibria of Nickel in Aqueous Solutions 
Effect of Competing Ion Addition on Heavy Metal Removal 
References 
7 Centre for Environmental Health Engineering 
223 
223 
224 
224 
226 
230 
233 
234 
234 
239 
240 
241 
242 
242 
244 
246 
246 
248 
252 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
List of Figures 
2 The Application of Zeolites for Heavy Metal Removal 
2.1 Schematic of heavy metal removal mechanisms 34 
2.2 The ion exchange process 38 
2.3 Zeolite building blocks 43 
2.4 (a) Zeolite types 45 
2.4 (b) Zeolite types 46 
2.5 Molecular sieving 48 
2.6 Shape-selective catalysis 60 
2.7 The effect of competing ions on heavy metal removal 74 
3 Experimental Programme 
3.1 Solubilities of metal hydroxides as a function of pH 85 
3.2 Schematic of the batch equilibrium test procedure 89 
3.3 Schematic of an ICP-AES instrument with conventional sample introduction 94 
3.4 Schematic of an ICP torch 94 
3.5 Graphical illustration of the effect of interfering elements 96 
3.6 Example calibration curve for calcium 99 
4 Chemical and Physical Characterisation of Zeolites 
4.1 XRD analysis of Zeocros CA 150 111 
4.2 XRD analysiS of Zeocros CG180 112 
4.3 XRD analysis of Clinoptilolite 113 
4.4 Scanning electron micrograph of Zeocros CA 150 116 
4.5 Scanning electron micrograph of Zeocros CG180 116 
4.6 Scanning electron micrograph of as-received clinoptilolite 117 
4.7 Scanning electron micrograph of milled untreated clinoptilolite 117 
4.8 Mercury intrusion curve for Zeocros CA 150 123 
4.9 Mercury intrusion curve for Zeocros CG 180 123 
8 Centre for Environmental Health Engineering 
4.10 
4.11 
4.12 
4.13 
5 
5.1 
5.2 
5.3 
5.4 
5.5 
5.6 
5.7 
5.8 
5.9 
6 
6.1 
6.2 
6.3 
6.4 
6.5 
6.6 
6.7 
6.8 
6.9 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
Particle size distribution of Zeocros CA 150 
Particle size distribution of Zeocros CG 180 
Particle size distribution of milled clinoptilolite 
Particle size distribution of conditioned clinoptilolite 
Study Into the Effect of Contact Time on Heavy Metal Removal 
Heavy metal uptake from single metal solutions by Zeocros CA 150 as a function 
of contact time 
Heavy metal uptake from single metal solutions by Zeocros CG180 as a function 
of contact time 
Silicon, aluminium and sodium release by Zeocros CA 150 
Silicon, aluminium and sodium release by Zeocros CG180 
Heavy metal uptake from mixed metal solutions by Zeocros CA 150 as a function 
of contact time 
Heavy metal uptake from mixed metal solutions by Zeocros CG180 as a function 
of contact time 
Heavy metal removal from mixed metal solutions by Zeocros CA 150 as a function 
of temperature 
Heavy metal removal from mixed metal solutions by Zeocros CG180 as a function 
of temperature 
Total heavy metal uptake in mixed metal systems as a function of contact time 
Study Into the Effect of pH on Heavy Metal Removal 
Lead removal from single metal solutions as a function of pH 
Nickel removal from single metal solutions as a function of pH 
Copper removal from single metal solutions as a function of pH 
Cadmium removal from single metal solutions as a function of pH 
Zinc removal from single metal solutions as a function of pH 
Aluminium release from Zeocros CA 150 as a function of pH 
Aluminium release from Zeocros CG180 as a function of pH 
Silicon release from Zeocros CA 150 as a function of pH 
Silicon release from Zeocros CG180 as a function of pH 
9 Centre for Environmental Health Engineering 
125 
125 
126 
126 
131 
131 
132 
132 
134 
134 
136 
136 
139 
146 
146 
147 
147 
148 
150 
150 
151 
151 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
6.10 Sodium release from Zeocros CA 150 as a function of pH 
6.11 Sodium release from Zeocros CG180 as a function of pH 
6.12 Comparison of heavy metal precipitation from single metal solutions using sodium 
and ammonium hydroxide 
6.13 Lead removal from mixed metal solutions as a function of pH 
6.14 Nickel removal from mixed metal solutions as a function of pH 
6.15 Copper removal from mixed metal solutions as a function of pH 
6.16 Cadmium removal from mixed metal solutions as a function of pH 
6.17 Zinc removal from mixed metal solutions as a function of pH 
6.18 Total heavy metal uptake from mixed metal solutions as a function of pH 
6.19 Comparison of heavy metal precipitation from mixed metal solutions using 
ammonium and sodium hydroxide 
6.20 Solubility of silica as a function of pH 
6.21 Activity of aluminium species as a function of pH 
7 Study Into the Effect of Zeolite Dosage and Heavy Metal Concentration on 
Heavy Metal Removal 
152 
152 
154 
156 
156 
157 
157 
158 
158 
159 
162 
162 
7.1 Heavy metal removal by Zeocros CA 150 from single metal solutions as a function 170 
of zeolite dosage and heavy metal concentration 
7.2 Heavy metal removal by Zeocros CG180 from single metal solutions as a function 170 
of zeolite dosage and heavy metal concentration 
7.3 Heavy metal removal by Zeocros CA 150 from mixed metal solutions as a function 174 
of zeolite dosage and heavy metal concentration 
7.4 Heavy metal removal by Zeocros CG180 from mixed metal solutions as a function 174 
of zeolite dosage and heavy metal concentration 
8 Study into the Effect of Competing Ion Addition on Heavy Metal Removal 
8.1 Lead removal by Zeocros CA 150 in a soft water system 184 
8.2 Lead removal by Zeocros CG180 in a soft water system 184 
8.3 Lead removal by Zeocros CA 150 in a medium hard water system 185 
8.4 Lead removal by Zeocros CG180 in a medium hard water system 185 
8.5 Lead removal by Zeocros CA 150 in a hard water system 186 
8.6 Lead removal by Zeocros CG180 in a hard water system 186 
1 0 Centre for Environmental Health Engineering 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
8.7 Nickel removal by Zeocros CA 150 in a soft water system 189 
8.8 Nickel removal by Zeocros CG 180 in a soft water system 189 
8.9 Nickel removal by Zeocros CA 150 in a medium hard water system 190 
8.10 Nickel removal by Zeocros CG180 in a medium hard water system 190 
8.11 Nickel removal by Zeocros CA 150 in a hard water system 191 
8.12 Nickel removal by Zeocros CG180 in a hard water system 191 
8.13 Copper removal by Zeocros CA 150 in a soft water system 193 
8.14 Copper removal by Zeocros CG 180 in a soft water system 193 
8.15 Copper removal by Zeocros CA 150 in a medium hard water system 194 
8.16 Copper removal by Zeocros CG180 in a medium hard water system 194 
8.17 Copper removal by Zeocros CA 150 in a hard water system 195 
8.18 Copper removal by Zeocros CG180 in a hard water system 195 
8.19 Cadmium removal by Zeocros CA 150 in a soft water system 198 
8.20 Cadmium removal by Zeocros CG180 in a soft water system 198 
8.21 Cadmium removal by Zeocros CA150 in a medium hard water system 199 
8.22 Cadmium removal by Zeocros CG180 in a medium hard water system 199 
8.23 Cadmium removal by Zeocros CA 150 in a hard water system 200 
8.24 Cadmium removal by Zeocros CG180 in a hard water system 200 
8.25 Zinc removal by Zeocros CA150 in a soft water system 202 
8.26 Zinc removal by Zeocros CG180 in a soft water system 202 
8.27 Zinc removal by Zeocros CA 150 in a medium hard water system 203 
8.28 Zinc removal by Zeocros CG180 in a medium hard water system 203 
8.29 Zinc removal by Zeocros CA150 in a hard water system 204 
8.30 Zinc removal by Zeocros CG180 in a hard water system 204 
8.31 Heavy metal removal by Zeocros CA150 in a soft water system (simultaneous 207 
addition of heavy metal and hardness) 
8.32 Heavy metal removal by Zeocros CG180 in a soft water system (simultaneous 207 
addition of heavy metal and hardness) 
8.33 Heavy metal removal by Zeocros CA 150 in a medium hard water system 208 
(simultaneous addition of heavy metal and hardness) 
8.34 Heavy metal removal by Zeocros CG180 in a medium hard water system 208 
(simultaneous addition of heavy metal and hardness) 
8.35 Heavy metal removal by Zeocros CA150 in a hard water system (simultaneous 209 
addition of heavy metal and hardness) 
8.36 Heavy metal removal by Zeocros CG180 in a hard water system (simultaneous 209 
addition of heavy metal and hardness) 
8.37 Heavy metal removal by Zeocros CA 150 from mixed metal solutions 211 
8.38 Competing ion removal by Zeocros CA 150 from mixed metal solutions 211 
11 Centre for Environmental Health Engineering 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
8.39 
8.40 
Heavy metal removal by Zeocros CG180 from mixed metal solutions 
Competing ion removal by Zeocros CG180 from mixed metal solutions 
9 Application of Synthetic and Natural Zeolites for the Treatment of 
Contaminated Effluents 
9.1 Heavy metal removal from Single metal solutions by natural and synthetic zeolites 
9.2 Removal by natural and synthetic zeolites from centrifuged electroplating waste 
9.3 Removal by natural and synthetic zeolites from centrifuged battery waste 
12 Appendices 
12.1 Nickel hydroxide species in water at 25!1C 
12.2 Heavy metal removal by Zeocros CA 150 in soft water systems 
12.3 Heavy metal removal by Zeocros CG180 in soft water systems 
12.4 Heavy metal removal by Zeocros CA 150 in medium hard water systems 
12.5 Heavy metal removal by Zeocros CG180 in medium hard water systems 
12.6 Heavy metal removal by Zeocros CA 150 in hard water systems 
12.7 Heavy metal removal by Zeocros CG180 in hard water systems 
12 Centre for Environmental Health Engineering 
212 
212 
222 
227 
229 
249 
249 
249 
250 
250 
251 
251 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
List of Tables 
;'.' --
2 The Application of Zeolites for Heavy Metal Removal 
2.1 Typical heavy metal removal efficiencies 31 
2.2 Characteristics of some main zeolites 50 
2.3 Zeolite stabilities 56 
2.4 Effect of competing ions 72 
3 Experimental Programme 
3.1 Comparison of two potential pH adjustment methods 83 
3.2 Results of zeolite dosage screening study 86 
3.3 Wavelengths used for ICP-AES analysis 98 
3.4 Certified reference water TMDA-54 100 
3.5 Certified reference water lon-96 100 
3.6 Certified reference water TM-27 100 
3.7 Statistical analysis of certified reference values 101 
3.8 Limits of determination 102 
3.9 Summary of interferences for the analytes studied 104 
4 Chemical and Physical Characterisation of Zeolites 
4.1 Zeolite oxide composition 108 
4.2 Wavelengths of detection used by ICP-AES 118 
4.3 Trace element content of zeolites 119 
4.4 MIP results 122 
5 Study into the Effect of Contact Time on Heavy Metal Removal 
5.1 
5.2 
Measured variations in the analysis of certified reference materials 
Selectivity sequences for heavy metal uptake by synthetic zeolites 
13 Centre for Environmental Health Engineering 
138 
138 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
6 Study into the Effect of pH on Heavy Metal Removal 
6.1 
6.2 
Selectivity sequences for Zeocros CA 150 
Selectivity sequences for Zeocros CG180 
7 Study Into the Effect of Zeolite Dosage and Heavy Metal Concentration on 
Heavy Metal Removal 
7.1 
7.2 
7.3 
8 
8.1 
8.2 
8.3 
8.4 
8.5 
8.6 
8.7 
8.8 
Experimental conditions 
Maximum exchange capacities achieved by synthetiC zeolites from single metal 
solutions (meq/g) 
Maximum exchange capacities achieved by synthetiC zeolites from single metal 
solutions, expressed as percentage of theoretical exchange capacities 
Study Into the Effect of Competing Ion Addition on Heavy Metal Removal 
Categories of water hardness 
Water hardness units 
Composition of standard waters used in experimental programme (in mgll) 
Composition of standard waters used in experimental programme (in meq/I) 
Heavy metal doses applied in experimental programme 
Oxidation states and stereochemistries of various nickel compounds 
Summary of effect of water hardness on heavy metal uptake by Zeocros CA 150 
Summary of effect of water hardness on heavy metal uptake by Zeocros CG 180 
9 Application of Synthetic and Natural Zeolites for the Treatment of 
Contaminated Effluents 
9.1 
9.2 
9.3 
9.4 
Composition of electroplating effluent 
Composition of battery waste 
Total removals achieved from electroplating effluent 
Total removals achieved from battery waste 
14 Centre for Environmental Health Engineering 
166 
167 
169 
175 
178 
180 
181 
182 
182 
183 
215 
218 
218 
225 
225 
227 
229 
The Application of Synthetic Zeolites fOl' the Removal of Heavy Metals from Contaminated Effluents 
10 Discussion 
10.1 Selectivity sequences for Zeocros CA 150 234 
10.2 Selectivity sequences for Zeocros CG180 234 
10.3 Reported zeolite pore sizes 235 
10.4 Radii of metallic cations 236 
10.5 Enthalpies of hydration 236 
10.6 Variation in metal removal from single metal solutions 238 
10.7 Variation in metal removal from mixed metal solutions 238 
10.8 Advantages and disadvantages of using zeolites for effluent treatment 239 
15 Centre fOl' Environmental Health Engineering 
The Application of Synthetic Zeolites fOl' the Removal of Heavy Metals from Contaminated Effluents 
List of Nomenclature 
---~,;, 
a 
as 
A 
AW 
B 
c 
E 
m 
Me 
me 
Mn 
MW 
n 
Activity (mol/l) 
Activity of cation MA (mol/l) 
Activity of cation Me (mol/l) 
Langmuir empirical constant 
Atomic weight 
Langmuir empirical constant 
BET empirical constant 
Concentration (mgtl, meqll, mol/l) 
Equilibrium concentration of adsorbate in solution (mgtl, meq/I) 
Concentration of stock solution (mgtl, meqll) 
Initial concentration of heavy metal in solution (mgtl, meqll) 
Residual concentration of heavy metal in solution (mgtl, meqll) 
Exchangeable ion in ion exchange framework 
Equivalent fraction of cation mA in solution phase 
Equivalent fraction of cation mA in zeolite phase 
Equivalent weight 
Fixed framework ion 
Calculated F value from certified values 
Calculated F value from analytical measurements 
Freundlich empirical constant (1/mg, I/meq) 
Thermodynamic equilibrium constant 
Corrected selectivity coefficient 
Mass action quotient 
Weight of adsorbate (mg, g) 
Mobile ion in solution 
Mobile ion in gaseous or aqueous phase 
Molal concentration of cation MA (mol/kg) 
Exchangeable ion in zeolite framework 
Molal concentration of cation Me (mol/kg) 
Cation of valence n 
Molecular weight 
Freundlich empirical constant 
Moles per unit volume of cation mA in solution (mol/l) 
1 6 Centre fOl' Environmental Health Engineering 
p 
P 
po 
pp 
Ps 
q 
qm 
r 
R 
S 
Se 
Si:AI 
T 
VM 
VT 
Vw 
w 
W 
Wm 
X 
XLOD 
Ze 
a 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
Moles per unit volume of cation mA in zeolite (mol/l) 
Pressure (MPa) 
Pressure of adsorbate (MPa) 
Saturated vapour pressure of adsorbate (MPa) 
Partial pressure of adsorbate (MPa) 
Saturated vapour pressure 
Quantity of adsorbate adsorbed (mg, m3) 
Quantity of adsorbate adsorbed in a monolayer (mg, m3) 
Radius of pore (11m) 
Gas constant (8.314 J/Klmol) 
Solid phase 
Standard deviation of signal detected from blank sample (mg/I, meq,l) 
Silicon-to-aluminium ratio 
Temperature (K) 
Volume of metal stock solution required (ml) 
Total sample volume required (ml) 
Volume of deionised water required (ml) 
Number of water molecules 
Weight of adsorbate adsorbed (mg) 
Weight of monolayer that completely covers particle surface (mg) 
Amount of adsorbate adsorbed (mg, g) 
Mean Signal detected for blank sample (mg/I, meq/I) 
Limit of determination(mg/I, meq/I) 
Valency of ion rnA 
Valency of ion me 
Ion exchanger phase 
Separation factor 
Activity correction coefficient for solution phase 
Activity correction coefficient for zeolite phase 
Zeolitic water content coefficient 
Zeolitic water activity coefficient 
Surface tension of mercury (N/m) 
Activity coefficient 
Angle of insertion t) 
Standard Gibbs energy of exchange (J/mol) 
1 7 Centre for Environmental Health Engineering 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
List of Abbreviations 
ANA 
ASAP 
BET 
CETYL 
CHA 
Analcime 
Accelerated surface area porosimeter 
Braun-Emmett-Teller 
Cetyl pyridinium 
Chabazite 
DHA Dehydrabietic acid 
EA Environment Agency 
EOTA Ethylene diamine tetraacetate 
EHOOMA ethylhexadecyldimethylammonium 
en 
FAU 
FEG 
FER 
GAC 
GIS 
HOTMA 
HEU 
ICP-AES 
LTA 
LUST 
MAP 
MIP 
MOR 
NAMAS 
OFF 
OPC 
PAC 
PHI 
pnd 
SBU 
SOS 
SEM 
TEL 
TMA 
1,2-diaminoethane 
Faujasite 
Fixed emission gun 
Ferrierite 
Granular activated carbon 
Gismondine 
hexadecyltrimethylammonium 
Heulandite 
Inductively coupled plasma atomic emission spectroscopy 
Linde Type A zeolite 
Leaking underground storage tanks 
Maximum alumina P zeolite 
Mercury intrusion porosimeter 
Mordenite 
National Accreditation of Measurement and Sampling 
Offretite 
Ordinary Portland cement 
Powdered activated carbon 
Phillipsite 
1,2-diaminopropane 
Secondary building units 
Submerged demineraliser system 
Scanning electron microscopy 
Tetraethyllead 
Tetramethyl ammonium 
18 Centre for Environmental Health Engineering 
tmd 
TVM 
TVM 
USEPA 
XRD 
XRF 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
1,3-diaminopropane 
Total volatile material 
Total volatile matter 
United States Environmental Protection Agency 
X-ray diffraction 
X-ray fluorescence 
19 Centre for Environmental Health Engineering 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
Acknowledgements 
I would like to thank my supervisor, Dr Sabeha Ouki, for all her guidance through the project 
and all the staff and students at Centre for Environmental Health Engineering for the all their 
help and support. I must also thank Dr Neil Ward in the Department of Chemistry at the 
University of Surrey, for endeavouring to turn me into an analytical chemist. I would like to 
thank both Crosfield Ltd. and the EPSRC for providing the funding that made the project 
possible. I would especially like to thank Dr Nigel Rhodes and Dr Maurice Webb for their 
valuable comments and input throughout the project. 
A number of acknowledgements must be made for those who contributed to the project. 
Firstly, I must thank Rebecca Rivers-Latham for her assistance with the laboratory work in 
Chapter 9, completed as part of her MSc project. Official thanks must also be extended to 
Dr Dave Wray and the staff from the ICP-AES facility at the University of Greenwich for all 
their assistance during the analysiS of the heavy metal solutions. Thanks are also extended 
to the staff at Sheffield Hallam University, Crosfield Ltd. and the Laboratory of the 
Government Chemist for their assistance with the characterisation of the zeolite samples. I 
am also grateful to Exide Batteries in Dagenham and Metal Colours in Slough for supplying 
samples of industrial waste and permitting me to visit their operations. I would also like to 
thank Amanda Beynon for her help with the scanning and preparation of the figures for the 
final thesis. 
Finally, I must show my appreciation to all my family and friends for all the help and support I 
have received, and thank them for their patience and understanding. 
20 Centre for Environmental Health Engineering 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
Chapter 1 
J-"". 
Introduction 
Despite their occurrence in nature and frequently essential role in the metabolism of many 
organisms, in excess heavy metals are pollutants due to their adverse effects on human 
health and ecosystems. As the anthropogenic sources of heavy metals increase and the 
need to address the legacy of metal contaminated land and groundwaters becomes more 
recognised, new, more effective treatment methods need to be found. Perhaps the most 
serious problem that heavy metals pose is that, unlike many organic pollutants, they cannot 
be degraded into less detrimental components by physico-chemical or biological treatment 
methods. Remediation and removal can therefore only transfer heavy metals from one 
phase to another, reduce metal mobilisation or possibly alter the speciation of the metal ions 
to diminish their toxicity. The ultimate aim of the environmental engineer is to convert the 
metals into a form that can be safely contained, recycled and reused. Although public 
perception is often that organic contaminants are a more acute threat to health, the endemic 
problem of heavy metal contamination cannot be ignored. 
Conventional treatment methods to remove heavy metals from industrial wastewaters 
primarily involve heavy metal precipitation, usually by the addition of hydroxides or 
sulphates. Although it has the advantages of being both economical and operationally 
straightforward, there are a number of limitations. It is difficult to treat large volumes of dilute 
waste, since substantial chemical doses are required, and large quantities of sludge are 
produced. With increasing landfill levies and diminishing landfill capacities, minimising 
sludge production is clearly desirable, if not economically and environmentally imperative. It 
can also be difficult meeting stringent effluent quality standards with precipitation, despite the 
high removal rates attained in laboratory studies. Many factors such as the presence of 
complexing agents and other competing ions can reduce removal efficiencies, leading to 
poor treatment performance and possible consent failure. It can also be difficult to treat 
cocktails of metals, as each individual contaminant has optimum removal conditions, and a 
combined treatment stage may not achieve maximum removal, as operating conditions are a 
compromise between the optimum for the varying contaminants. 
New technologies are being sought which can achieve lower residual concentrations to meet 
more stringent standards, and the possibility of removing more difficult contaminants less 
selectively removed by precipitation. Ion exchange offers the potential for achieving high 
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effluent quality, incorporated with the potential regeneration of the ion exchange medium and 
recovery and possible reuse of the heavy metal. Selective ion exchange would allow 
specific metallic ions to be removed from a cocktail of contaminants, which, if later eluted, 
could give a concentrated metal solution for suitable reuse. 
Zeolites are hydrated aluminosilicate materials with intrinsic ion exchange properties arising 
from the isomorphous substitution of aluminium for silicon within their framework causing a 
net negative charge. They consist of rigid crystalline lattices, with pores of molecular 
dimensions, which can exclude ions from entry into the framework interior on the basis of 
their size. A zeolite particle is built up of interconnecting channels and cavities, within which 
charge-balancing cations are located that may be substituted for ions from an external 
contact solution. Both the topology (arrangement of the channels and cavities) and the 
nature of the exchangeable cations affect the selectivities of the zeolite, and currently 126 
zeolite topologies have been identified. 
Previous work performed on both natural and synthetiC zeolites has demonstrated their 
selective affinity for heavy metal removal. Most studies mainly focused on two areas: pure 
zeolite science studies determining the selectivities of individual zeolites on a 
thermodynamic basis, and treatment feasibility studies of specific contaminated effluents 
with a range of zeolite materials. The former are highly detailed studies performed under 
idealised experimental conditions in order to determine the removal mechanisms of the 
zeolites and basic thermodynamiC parameters. They often combine experimental work with 
theoretical modelling to enable selectivities and behaviour to be predicted. The latter studies 
are designed to assess the ability and potential of specific zeolite materials and determine 
the optimum operating conditions for the treatment of problematiC effluents. 
Zeolites could be used to treat wastewaters, contaminated groundwaters and leachates, 
both as a unit treatment operation, or incorporated as part of a waste solidification and 
stabilisation system, immobilising metallic ions before solidification. In these circumstances 
the conditions under which the metals could be desorbed or released must be determined, 
hence the impact of any competing ions is critical. The treatment application could be quite 
sophisticated or relatively low-tech, depending upon the nature of the problem and the 
characteristics of the zeolite itself. Incorporation within a slow sand filter, for example, is 
comparatively simple, whilst the use of finely powdered zeolites may require more advanced 
instrumentation and process control. 
A review of the literature has highlighted the wide range of potential applications for different 
zeolites, mainly synthetiC. Since each individual zeolite type displays a unique behaviour 
22 Centre for Environmental Health Engineering 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
and characteristics, it is imperative that a detailed investigation of their behaviour under 
simple and complex effluent treatment conditions is performed in order to maximise their 
potential application as a viable treatment technology. 
(1.1) Aims and Objectives 
This study aims to provide a comprehensive assessment of two synthetiC zeolites, Zeocros 
CA 150 and Zeocros CG 180, with a view to develop a detailed understanding of their 
performance for the removal of problematic heavy metals ions namely, Pb, Zn, Cu, Cd and 
Ni. The high theoretical ion exchange capacities of these zeolites, which have been 
developed for the detergent industry application, indicate that these materials could prove to 
be highly successful for the treatment of metals contaminated effluents. Therefore the main 
objective of this study is to perform thorough laboratory investigations of the variation of key 
parameters that have been identified to affect the ion exchange performance of the zeolites. 
Firstly, a detailed chemical and physical characterisation of the zeolites is essential in order 
to understand and elucidate the behaviour of the materials. Secondly, a systematic study of 
the effect of contact time, pH, metal concentrations and zeolite dosages is performed in 
order to evaluate their impact on the operating conditions. Finally, an assessment of the 
effect of single metal versus mixed metal addition in conjunction with the effects of 
competing ions namely, Ca, Na, K, and Mg, will provide key information on the behaviour of 
the zeolites under experimental conditions similar to the real environment. It is noteworthy 
that a" sorption experiments were performed according to a batch equilibrium procedure, 
which has been adapted in order to determine the ion exchange properties of the materials 
under variable conditions. 
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Chapter 2 
___ .r: 
The Application of Zeolites for Heavy Metal Removal 
(2.1) Heavy Metals in the Environment 
(2.1.1) Introduction 
Heavy metals are defined as those metals with an atomic density in excess of 6 g/cm3 
(Alloway, 1997). Those of principle concern include lead, cadmium, copper, nickel, zinc, 
mercury and arsenic. Their toxicity will depend on a range of environmental factors, 
including the speciation of the metal, pH and the tolerance of the organism affected. 
Sources of heavy metals in the environment are both natural and anthropogenic. The 
natural weathering and erosion of rock formations releases the metals into soils, with 
subsequent uptake by vegetation and micro-organisms. Anthropogenic (or man-made) 
sources can be divided into point and diffuse sources. Point sources include metalliferous 
mining and processing operations, industrial processes and waste disposal sites. Control of 
these emissions can be achieved through legislation and regulation. A recent study into 
cadmium contamination of the Rhine River Basin between 1955 and 1988 (Spiro, 1996) 
indicated that significant reductions in cadmium have been achieved by control of point 
sources such as metal refining industries. Although total atmospheric emissions of cadmium 
in the region have decreased since 1970, the relative contributions from energy production 
and the use of fertilisers have increased. Diffuse sources of heavy metal pollution include 
the combustion of fossil fuels, transportation, waste incineration, agricultural practices such 
as fertiliser use and the spreading of sewage sludge, metal corrosion and the dumping of 
contaminating materials such as batteries. The wide variation of sources mean that 
regulation is complex and difficult to achieve, and it is likely that they will be the principal 
anthropogenic source of heavy metals in the environment in the future. 
(2.1.2) Environmental Impacts of Heavy Metals 
The toxicity of a heavy metal will depend upon its' speciation and chemical form. The 
inorganic forms of arsenic are more toxic than the organic species, but the converse applies 
to lead and mercury. The solubility of the metal will govern its' bioavallability, since the 
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metal ion must reach target molecules to have toxic effects. A good illustration is that of 
barium: barium is a highly toxic element, but in the form of barium sulfate it is insoluble, and 
not bioavailable, hence the common medical application of X-ray photography (Bunce 1994). 
Insoluble species, if ingested, can pass through the body causing little harm, since they 
cannot cross biological membranes. Speciation may also affect the mobility of the metal 
within the soil environment. Heavy metals are retained in soils by three main mechanisms: 
adsorption onto the silicate minerals within the soil matrix, precipitation (with anions such as 
sulfides) and complexation with humic and fulvic acids (Baird 1995). The metal species will 
clearly playa key role in all three of these processes, and pH is consequently a critical 
parameter. 
Toxic effects can be classified as chronic or acute. A chronic toxic effect is one that occurs 
gradually, over time. Acute toxins will cause an effect within a short period of time, usually 
death. One of the most common causes of heavy metal toxicity is their ability to impair 
normal enzyme activity in both humans and animals. Some metal cations show an affinity 
for the sulfhydryl groups in enzymes, which bind with them rather than their target ions. A 
metal is considered most toxic if its effects occur so rapidly that medical treatment cannot be 
administered, or either foetal development or brain functions are affected (Baird 1995). 
Uptake by plants, phytotoxicity and subsequent entry into the food chain is determined by 
their bioavailability. Bioaccumulation occurs when the rate of uptake is greater than the 
rate of excretion, and results in a gradual increase in heavy metal concentrations. 
(2.1.3) Lead 
Lead can cause neurological disorders in humans, particularly in children, where mental 
development can be impaired, and hyperactivity induced. Common symptoms of lead 
poisoning include insomnia, irascibility, loss of appetite and subsequent weight loss, leading 
to eventual starvation. The speed of nerve impulses is reduced, and nerve damage and 
destruction can occur (Spiro 1996). 
Sources of lead in the home can include lead plumbing (particularly a problem in soft acidic 
waters, since water hardness can provide some coating on the pipe surface) and old paint, 
since lead was used traditionally as a paint pigment. Recent campaigns have sought to 
reduce domestic lead pollution, arguing that 1 in 10 children under the age of six have in 
excess of 10 Ilg lead per decilitre of blood (Millstone 1997). Campaigners are fighting for the 
removal of all lead piping from domestic water supply systems, and increased awareness of 
the dangers posed by old paint, especially during house renovations. 
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In the open air, lead is emitted in vehicle fumes. Tetraethyllead (TEL) is used as a petrol 
additive to reduce "knocking" (premature ignition) in combustion engines and increase the 
octane rating (Purves 1977), although legislation has drastically reduced leaded fuel 
consumption. Leaded fuel will be withdrawn from sale in the U.K. on 1 SI January 2000, 
following European Directive 98170/EC, which was adopted in October 1998 (DETR 1998). 
The use of lead in shotgun pellets has also caused widespread lead poisoning in waterfowl 
(Amiard-Triquet 1992) as it is frequently mistaken for grit and ingested, causing neurological 
and muscular damage, emaciation and possible death. Dust often contains high lead levels, 
particularly in urban areas and along transport corridors where lead concentrations can be in 
excess of 100 mgtl (Spiro 1996). Aerial transport of these contaminated particles and 
subsequent deposition leads to crop contamination. Other sources of lead pollution include 
pesticides, metal processing and abandoned lead-acid batteries. 
The organolead species cause more serious neurological defects than inorganic species, 
due to their non-polar nature and greater ability to pass through to the brain (Bunce 1994). 
Lead has a similar ionic radii to calcium, and competes with calcium ions. Although only 7-
15% of ingested lead is absorbed in adults, this rises to 30-40% in children (Spiro 1996), and 
studies have indicated that skeletal lead burdens increase almost linearly with age, since the 
half life of lead in the skeletal frame is over 15 years (Bunce 1994). Dissolution of bone 
matter with age or ill health can also release lead back into the bloodstream, inducing lead 
poisoning. Increased movement of calcium to the foetus during pregnancy can mobilise lead 
and expose the foetus (Bercovitz 1992). Lead hinders the binding of oxygen by 
haemoglobin, and the substitution of zinc rather than iron when lead is present into porphyrin 
can result in anaemia due to an Fe-porphyrin deficiency (Spiro 1996). 
(2.1.4) Cadmium 
Cadmium is commonly found alongside zinc in the earth's crust, although anthropogenic 
sources include the photographic, electroplating, and alloy industries, paint, plastic and dye 
manufacturing where it used as a pigment and stabiliser and dentistry. Cadmium is also an 
additive in phosphate agricultural fertilisers. Acute cadmium poisoning is usually caused by 
the inhalation of cadmium fumes or particulates, or the ingestion of contaminated foodstuffs. 
Initial symptoms include abdominal and chest pains, nausea and vomiting, diarrhoea, 
headaches, respiratory problems and asphyxia, leading to collapse and eventual death in 
cases of severe exposure (Nriagu 1980a). 
Chronic cadmium poisoning can result in "itai-itai" (or "Ouch Ouch") disease, as seen in the 
Toyama Prefecture of Japan, where sufferers were exposed to daily doses of cadmium in 
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excess of 600 I1g (Baird 1995). Irrigation water for the rice fields was contaminated by 
cadmium from a local zinc mine. Subsequent bioaccumulation in the district's rice supply led 
to increasing bone porosity and collapse (Harrison 1990, Spiro 1996) as cadmium interferes 
with calcium deposition in the bone structure. Other manifestations of chronic cadmium 
exposure are heart and lung diseases. 
Concentrations of cadmium in the soil are of concern due to the possible accumulation in 
foodstuffs. The use of cadmium-bearing phosphate fertilisers and the spreading of sewage 
sludge are both widespread agricultural practices that increase soil cadmium levels, although 
low cadmium fertilisers are available (Tjell 1992). Atmospheric emissions can be controlled 
with more advanced stack gas cleaning technology, but particle deposition still occurs. 
Cadmium is particularly mobile in soil, with the soil composition (clay content), hydrous metal 
oxide levels and soil pH all affecting the amount of cadmium available for plant uptake 
(Nriagu 1980a). Tobacco leaves contain relatively high cadmium levels, and smokers who 
smoke 20 Cigarettes a day increase their daily cadmium dose by approximately 2 I1g 
(approximately double that of non smokers) (Spiro 1996). 
The body has developed defence mechanisms against cadmium poisoning. Metallothionen 
is a protein contained in mammalian kidneys, which binds cadmium and prevents it reaching 
other organs and body tissue. Once the metallothionen capacity is exceeded however, 
symptoms of acute cadmium poisoning will continue. This defence mechanism also 
concentrates cadmium in the body with age, which leads to irreversible long-term exposure 
(Spiro 1996). 
(2.1.5) Nickel, Copper and Zinc 
Nickel is the fifth most abundant element in the earth's crust, and 40-50% of atmospheric 
nickel is from natural sources, released by volcanic activity and wind erosion (Nriagu 1980b). 
Little is known about the possible chronic effects of nickel, except that it inhibits iron 
absorption, and can lead to bronchial cancer if inhaled. Direct contact with the skin can 
cause dermatitis. 
Copper is an essential element in humans, animals and vegetation, used in the formation of 
connective tissue in mammals. Deficiencies in humans can cause ossification of the bones 
and anaemia (Vandecasteele 1994). Cattle and sheep can suffer deficiencies if copper 
levels in grazing vegetation are lower than 5 Jlg/g, but sheep also exhibit symptoms of 
toxicity if those levels exceed 10 Jlg/g (Alloway 1997). Copper toxicosis is rare in humans, 
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but symptoms include nausea, vomiting, hepatic necrosis, coma and fatality (Nriagu 1979). 
Chronic exposure can cause liver disease and biliary cirrhosis. Copper materials are 
commonly used as plumbing materials, but appear not to pose a great a threat as lead, 
although copper can be released under acidic conditions (Alloway 1997). 
Copper is extremely toxic to aquatic biota, with doses between 5 and 25 flg/I proving lethal to 
some invertebrate and fish species within a 96-hour period (Nriagu 1979). Since freshwater 
biota do not drink the water, contamination is largely via the respiratory system and surface 
contact with waterborne copper rather than ingestion of copper particulate matter. In the soil 
environment, the organic matter content of the soil will affect the amount of free copper 
(Keller 1992), since copper in solution readily associates with the organic matter and is 
immobilised. 
Zinc is a micronutrient, with many essential functions in human and plant health (deficiency 
in crops can lead to a severe loss in yield (Alloway 1997). Manifestations of zinc toxicity in 
humans include severe anaemia, dehydration, abdominal cramps, nausea and vomiting, 
dizziness and muscular incoordination (Nriagu 198Oc). Poisoning with zinc chloride can also 
cause acute renal failure. Sources in the environment include the spreading of sewage 
sludge and the dissolutioh of galvanised zinc fencing as well as numerous industrial 
applications. Zinc is phytotoxic although it exhibits a relatively low toxicity to humans and 
animals in comparison to lead and cadmium (Alloway 1997). 
(2.2) Heavy Metal Removal 
(2.2.1) Conventional Removal Methods 
The traditional form of heavy metal removal is by chemical precipitation. The theory behind 
precipitation techniques is that by converting a soluble contaminant metal ion into an 
insoluble form (a precipitate such as a metal hydroxide) by chemical reaction, which can 
then be separated out and disposed of appropriately as a sludge. Precipitation is an 
economical technique but has a number of limitations: 
• Relatively high chemical consumption, e.g. lime, soda ash 
• Large sludge volumes are generated, which still require safe disposal (Le. hazardous 
waste landfill) 
• There is no potential for recovery and reuse of the metals 
• Precipitation for an individual element will be at an optimum at one specific pH. In a 
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mixed waste stream no single pH will give maximum precipitation for all the metals 
present, and a compromise will have to be made with poorer removal performance for 
some if not all the metals. An alternative would be to have a mUlti-stage precipitation 
process, but this would reduce the simplicity of the treatment technique as well as 
increasing chemical consumption and sludge production. 
• Variable waste streams, both in terms of composition and volume, can be difficult to treat 
using precipitation techniques, particularly in continuous processes (Walton 1995) 
• It is difficult to treat dilute wastewaters such as plating rinse waters by precipitation, so 
other technologies must be investigated as polishing steps. It may also be difficult to 
reach stringent effluent standards using precipitation techniques. 
Several types of precipitation exist, depending on which chemical is added to transform the 
contaminant into an insoluble state. Ultimately, removal levels will depend upon the 
effectiveness of the separation of the solid phase so the type and density of precipitate is 
critical (Peters 1985a). Peters and Ku (1985b) provided a comprehensive review of metal 
removal techniques and a brief summary of the efficiency of various precipitation methods is 
given in Table 2.1. 
Hydroxide Precipitation 
Hydroxide precipitation is the most common method adopted, as it is a Simple process that is 
easily automated and relatively low cost (Peters 1985a). Common precipitants are lime and 
caustic soda, both cheap and readily available. The disadvantages of hydroxide 
precipitation are that many of the metal hydroxides are amphoteric, resolubilizing under high 
pH conditions, which means that careful pH control is required. Hydroxide precipitates are 
colloidal, producing a low-density sludge with poor filtration characteristics, which is difficult 
to dewater (Peters 1985b). Pre-treatment with a reducing agent such as sodium 
metabisulfite may also be required if hexavalent chromium is to be precipitated. 
Hydroxide precipitation may be inhibited if complexing agents are present in the waste 
stream. Ethylene Diamine TetraAcetate (EDTA) has been found to greatly inhibit nickel 
precipitation as it forms strong chelates over all pH ranges, whilst other chelating agents 
form weak complexes causing minimal inhibition (Hu 1995). The strength of the complexes 
formed with nickel by gluconate and tartrate is pH-dependent with partial inhibition below pH 
8, which becomes complete when pH 8.3 is exceeded. Zinc precipitation was inhibited by 
the presence of phosphate (a complexing ligand), although floc formation and size was 
enhanced so that settlement and overall zinc removal improved. Addition of a polyelectrolyte 
can also aid removal by improving precipitate settlement (Peters 1985a). 
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Sulfide Precipitation 
Sulfide precipitation produces an insoluble metal sulfide, using either a soluble sulfide source 
such as sodium sulfide, or an insoluble source such as ferrous sulfide. The advantages of 
sulfide precipitation are that the process can operate under more acidic conditions (pH 2.0). 
A general rule is that salts with lowest solubility products precipitate at lowest pH's (Walton 
1995). Sulfides also have higher reactivities, therefore reaction kinetic are faster and contact 
times shorter. Hein et al (1992) found sodium sulfide showed greater removal potential for 
chromium, cadmium and copper than iron sulfide. Sulfide precipitates are not amphoteric 
(Thomas 1992) and thus the process is not as pH dependent as hydroxide precipitation. The 
effect of chelating agents on sulfide precipitation is less marked than with hydroxides, 
although EDTA can still inhibit zinc precipitation (Peters 1985a). In addition, no reduction 
step is needed for the treatment of hexavalent chromium. Sulfide precipitation is, however, 
expensive than using hydroxides, and there is a risk of generating hydrogen sulfide gas. 
Additionally, sulfides themselves may be toxic. 
Carbonate Precipitation 
Carbonate precipitation also produces a denser precipitate than hydroxides, under lower pH 
conditions (McAnally 1984). The resulting sludge settles more easily, and is denser, with 
filtration rates of cadmium sludges double those measured for a corresponding hydroxide 
system (Peters 1985b). Sodium bicarbonate has the advantages of being easy to handle, 
economic and available, but no significant enhancement over hydroxide use is seen for 
nickel and zinc removal, although both cadmium and lead precipitation is improved, and 
operational pH's two and three pH units lower, respectively (Peters 1985b). 
Coprecipitation 
Pardus (1989) describes coprecipitation as the effect when an otherwise soluble metal 
species is precipitated along with an insoluble precipitate. This can be due to adsorption 
onto the surface of the precipitate, the substitution of an ion from solution for one in the solid 
or the physical imprisonment of a small volume of solution within the precipitate pores. 
Adsorption is determined by factors such as the nature of the insoluble precipitate, the 
presence of complexing ligands and competing ions, solution pH and contact time. 
Leckie et al. (1985) dosed power plant wastewaters with amorphous iron oxyhydroxide to 
evaluate trace element removal. It was found that cadmium removal was not affected by 
competition from other ions in solution, even in concentration two orders of magnitude 
higher. Solution pH was critical, as was the iron dosage. 
Alternatively, coprecipitation may occur due to composition of the wastewater, resulting in 
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Table 2.1: Typical Heavy Metal Removal Efficiencies 
(Reproduced from Peters 1985b) 
Precipitation Metal Removal Metal pH Comments 
Technique Efficiency Residual 
(%) (mgll) 
Hydroxide Pb 90-95 0.5-2.0 8-10 Electronics plant effluent 
Cu >99 <0.3 10 Synthetic plating water 
Ni >84 1.9 >8.5 Electroplating effluent 
Cd >99 0.3 10 Synthetic plating water 
Zn 99 0.28 9.7-10.2 Mixed metal solution 
Carbonate Pb >92 <0.1 7.8-8.5 Mixed metal solution 
Cu >83 <0.03 7.8-8.5 Mixed metal solution 
Ni 1.4 11.5 Synthetic solution 
Cd >97 0.04 7.8-8.5 Mixed metal solution 
Zn >95 1.18 7.8-8.5 Mixed metal solution 
Sulfide Pb >99 0.3 8.5 Copper smelting effluent 
Cu >97 0.04 8 Electroplating effluent 
Ni >98 0.07 8 Electroplating effluent 
Cd >95 0.1 8 Electroplating effluent 
Zn >92 0.41 8 Electroplating effluent 
removals in excess of those that would be theoretically predicted for precipitation alone. 
Treatment of a brass mill wastewater with hydroxide showed increased removal of copper, 
zinc lead and nickel due to the presence of trivalent chromium in the waste stream (Pardus 
1989). 
Selective Precipitation 
It is difficult to selectively remove metals using conventional precipitation techniques. Brooks 
(1991) did manage to selectively remove copper from nickel wastewaters by using a 
combination of an anionic surfactant and ferric hydroxide. Nickel was also selectively 
removed from an electrochemical milling waste by acid addition to dissolve solids then 
sodium hydroxide adjustment to pH 4-6 with the addition of EDT A to retain nickel in solution 
whilst the other contaminants, predominantly iron, were precipitated out. Sulfide 
precipitation can be used to separate cadmium from iron as cadmium sulfide precipitates at 
pH 2 and iron at pH 6. It is clear however, that such separations are difficult to achieve, 
particularly in practice. and only work for certain metals under specific conditions. 
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Biological Treatment 
Traditional biological treatment processes can tolerate some heavy metal content in raw 
effluent feeds, but severe declines in operational performance can been seen after critical 
concentrations are reached. Peters (1985b) states that activated sludge processes can 
withstand up to 10 mgtl of Cr (VI), copper nickel and zinc with a 5% reduction in removal. 
Some biological systems do offer higher metal tolerances: an acclimatised activated sludge 
system can remove 85% of copper from an initial concentration of 50 mgtl (Peters 1985b). 
In general, biological treatment is not used for heavy metal effluents, particularly those with 
high or variable metal content, since shock loadings can prove toxic to the biomass. 
(2.2.2) Novel Advanced Removal Methods 
Although precipitation is the most common form of heavy metal removal adopted, there are a 
range of other, more sophisticated techniques that can be used. Adsorption, ion exchange, 
electrolytic recovery, biosorption, membrane processes, complexation, foam flotation (Rubio 
1997) and oxidation catalysis (Brooks 1989) are just some of the new techniques that are 
now in use or under development. These new techniques offer greater removal efficiencies 
often linked with the opportunity to recover and reuse the heavy metals. Disadvantages may 
include significant capital or maintenance costs and the need for considerable operator input 
and knowledge. Brief outlines of some of these techniques follow, and adsorption and ion 
exchange are dealt with in more depth in the next two sections. 
Electrolytic Recovery 
Electrochemical technologies are widely used in other industries and can be applied to 
metal-contaminated effluents with success. An electrical potential is applied to the effluent, 
and then depending on the charge of the metal ion, the ion will be attracted to either the 
positively charged anode or negatively charged cathode. Similar removals to precipitation 
can be achieved, but this technology is not particularly appropriate for dilute waste streams 
high potentials and long contact times are required, which can prove costly (Walton 1995). 
Biosorption 
Many micro-organisms show significant sorption potential for heavy metals. The actual 
removal mechanisms are either adsorption or ion exchange (see sections 2.3 & 2.4) 
depending upon the type of sorbent material. Living microbes can be used, but they can be 
subject to toxicity at high loadings and require nutrient supplements (Matheickal 1997). 
Using dead microbes (biomass) has the advantage of still showing sorption potential, whilst 
also using what may be a waste requiring disposal itself. Butter et al. (1996) used a strain of 
Streptomyces c/avuligerus, a pharmaceutical waste, to remove cadmium and zinc from 
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waste streams. Cadmium removal in excess of 99% was achieved from a synthetic waste of 
5 mgtl cadmium after only 15 minutes of contact, whilst 96% was removed from a cadmium 
electroplating bath solution. Zinc removals of 91 % and 96% were observed from the 
electroplating waste and a minewater discharge respectively. Marine algae such as Ecklonia 
Radiata have been proved highly selective for heavy metals, achieving complete lead 
removal and greater than 90% of copper and cadmium (MatheickaI1996). Morley and Gadd 
(1995) evaluated the removal capacities of the living fungi species Rhizopus arrhizus and 
Trichoderma vir ide commonly found in soil, and that in terms of metal uptake per unit of 
surface area they had higher removal efficiencies than the clay minerals montmorillonite and 
kaolinite. 
Membrane Processes 
Membrane processes consist of semi-permeable membranes of molecular dimensions, 
which permit molecules of certain sizes through, but exclude others. Types of membrane 
processes vary depending upon the pore size of the membrane used and the pressure 
applied to drive the effluent through the system (Walton 1995). Ultrafiltration operates under 
gravity or a low pressure below 8 bar, with relatively large pores of about 20 A. Reverse 
osmosis operates a higher pressure of about 30 bar, but has smaller pores (approximately 3 
A). Cassano (1999) used nanofiltration to separate trivalent chromium from spent tanning 
baths for reuse within the tanning process, at an applied pressure of 14 bar. 
The advantages of membrane technologies are their capability of producing very low 
residuals and their potential for reuse of the heavy metals, but the processes are quite 
sophisticated and require specialist operation. Membrane fouling is common, so 
pretreatment stages are usually required. Membranes may also be unstable in some 
chemical environments, particularly in the presence of strong oxidizing agents and solvents 
(Peters 1985b). 
(2.3) Adsorption 
(2.3.1) Mechanisms 
Adsorption is the process of concentrating substances from solution on to a solid surface. 
Two types of bonding between the adsorbent material and adsorbate are possible (Figure 
2.1): 
• Physisorption 
Physisorption bonds an ion to a surface by electrostatic (Van der Waals) forces. The bonds 
are weak and easily reversed. 
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• Chemisorption 
Chemical bonds are formed between the adsorbate and solids, which are largely irreversible 
except under extreme conditions. 
Some authors also classify ion exchange as a third type of adsorption, although within this 
text it will be considered as a separate removal mechanism (see section 2.4) . 
Figure 2.1: Schematic of Heavy Metal Removal Mechanisms 
(a) Physisorption 
• • • 
(c ) Ion Exchange 
(b) Chemisorption 
Metallic ion in 
aqueous solution 
Exchangeable ion 
in framework 
Adsorption isotherms can be constructed by determining the uptake of adsorbate by a 
specific adsorbent under constant temperature and then applying some form of model to the 
experimental data. This can be done either by varying adsorbent dosage or adsorbate 
concentration. Several models are available, with the most common being the Langmuir 
isotherm, the Freundlich isotherm and the Braun-Emmett-Teller (BET) equation (described in 
more detail subsequently) . Many of these relationships are designed to model gas 
adsorption in porous media, but can also be applied to the adsorption of liquids. If a linear 
relationship is obtained when the experimental data is plotted according to a specific 
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isotherm, then it can be assumed that the adsorbent concerned behaves according to the 
suppositions made within that model. 
Common practice when selecting an adsorbent to treat a specific waste stream is to perform 
a bench-scale study and fit the Langmuir and Freundlich isotherms to the experimental data 
to determine which model best describes the adsorbate removal. The appropriate isotherm 
relationship can then be used to calculate the maximum adsorption capacity of the material 
or predict the amount of adsorbate removed for a given adsorbent dosage. This information 
can then considered during process design, or can provide a comparison between different 
adsorbent materials. 
Langmuir isotherm: 
The Langmuir model of adsorption assumes that a monolayer of adsorbate may be adsorbed 
onto an adsorbent surface before adsorption capacity is reached, and each adsorbate 
molecule occupies only one site (Crittenden 1998, Gregg 1967). The Langmuir relationship 
is given in equation 2.1: 
xl = A.S.C 
.I'm 1+A.C 
(2.1) 
xlm represents the amount of adsorbate adsorbed (mg, g) per unit weight of adsorbent (mg, 
g), C is the equilibrium concentration of adsorbate in solution after adsorption (mgtl) , and A 
and B are empirical constants. If the adsorbent/adsorbate system studied follows 
Langmurian principles, a straight line relationship should be obtained when 1/(xlm) is plotted 
against l/C. Other assumptions made within the model are that no lateral interactions 
between the adsorbate molecules occur and that, once adsorbed, they remain on the same 
adsorption site until desorbed (Crittenden 1998). 
Freundlich isotherm: 
Unlike the Langmuir isotherm, the Freundlich model of adsorption does not assume that 
adsorption capacity is reached when a monolayer of adsorbate is adsorbed, but recognises 
that the adsorbent surface may contain a range of different adsorption site types, each of 
which the Langmuir equation will be valid for. The Freundlich relationship is given in 
equation 2.2. 
Yn,=K.CYn (2.2) 
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where xlm is the amount of adsorbate adsorbed (mg, g) per unit weight of adsorbent (mg, g) 
at equilibrium, K (Vmg) and n are empirical constants and C is again the equilibrium 
concentration of adsorbate in solution. To obtain a linear relationship, xlm should be plotted 
against C on a logarithmic scale. 
BET Equation: 
As with the Freundlich isotherm, the BET equation assumes that more than one layer of 
adsorbate molecules can be adsorbed. The relationship is derived from the surmise that the 
rate of adsorption onto a surface is equal to the rate of adsorbate from the primary layer of 
adsorbate molecules (Crittenden 1998). The equation can be expressed in a variety of 
forms, but the most useful to describe a gaseous adsorption system is: 
(2.3) 
The parameter pp represents the partial pressure of the adsorbate (MPa), ps the saturated 
vapour pressure (MPa) , q the quantity adsorbed (mg, m\ qm the quantity adsorbed in a 
monolayer (mg, m1 and c is the BET empirical constant (Crittenden 1998). If plq(Ps-p) is 
plotted against piPs, both qm and c can be determined from correlation with the y = mx + C 
relationship to ascertain slope and intercept and subsequent solution of the two 
simultaneous equations obtained (Gregg 1967). This relationship is often used to determine 
the surface area of porous solids from the monolayer capacity. 
(2.3.2) Heavy Metal Removal by Adsorption 
Activated Carbon 
The most popular adsorbent material used in wastewater treatment is activated carbon. 
Activated carbon is produced by thermally decomposing a carbonaceous raw material, 
followed by an activation process (usually exposing the material to an oxidizing gas at high 
temperature) (Crittenden 1998). Starting materials include wood, coal and nut hulls. Two 
types of activated carbon can be used: powclered or granular. Powclered activated carbon 
(PAC) has a particle size of less than 200 mesh, whilst granular activated carbon (GAC) has 
a particle diameter in excess of 0.1 mm. PAC is used in batch treatment processes and may 
require coagulant addition to allow particle settlement and phase separation, whilst GAC can 
be used in column and expanded or moving bed processes (Metcalf 1991). 
Activated carbon has been used to treat metal contaminated effluents (Reed 1992, Reed 
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1993, Gabaldon 1996). Cadmium adsorption by activated carbon was found to decrease 
with increasing temperature (Leyva-Ramos 1997), and to be strongly inhibited at pH levels 
below pH 3.0. Huang et al. (1985) discovered that adsorption of cobalt by activated carbon 
increased with increasing pH, as the carbon's surface charge was pH dependent. EDTA was 
found to inhibit cobalt uptake, although other complexing ligands can promote sorption if 
their functional groups can chelate the cobalt and attach to the carbon surface. Rubin et al. 
(1981) discovered that EDTA suppressed cadmium removal at high surface coverage, but 
enhanced removal when the carbon dose exceeded 5000 mg/I, giving a low surface 
coverage. 
If a cocktail of heavy metals and other contaminants are to be treated, one limitation of 
activated carbon is that selective removal of a specific heavy metal is not possible. The 
carbon will frequently remove all the contaminants (both organic and inorganic) 
simultaneously. Recovery of one specific adsorbate after regeneration is also difficult. 
Regeneration of activated carbon following hexavalent chromium adsorption was possible 
using either sulfuric acid or caustic soda solution, with the acidic regeneration recovering 
hexavalent chromium and the alkaline method obtaining the trivalent species (Ouki 1996). 
Other Adsorbent Materials 
An untreated peat sample achieved a 95% removal of influent cadmium after a contact time 
of two hours and chromium removal was enhanced after the peat was treated with acid 
(Viraraghavan 1992). Metal oxides and hydroxides also offer considerable adsorption 
capacity for heavy metals. Amorphous iron oxyhydroxide (or ferrihydrite) has been 
investigated to establish it's potential for heavy metal removal (Schultz 1987, Edwards 1989, 
Nordqvist 1988, Appleton 1989). Sand coated with ferrihydrite was found to be more 
efficient than the free adsorbent or sand alone in removing heavy metals, achieving almost 
complete copper, cadmium, nickel, chromium and lead removal at pH 8. Regeneration of 
the coated-sand media would be feasible since the metal removal was reversible with pH. 
Ferrihydrite has been successfully used to remediate heavy met_al contaminated coal fly ash 
wastewaters, in the presence of significant concentrations of competing ions (Appleton 
1989). 
Amorphous iron oxide can attain 100% copper removal at pH 6.8, although removal 
efficiency decreases with falling pH (Davis 1978). The presence of complexing ligands can 
suppress metal uptake by iron oxide, with only trace levels of cyanide preventing adsorption 
due to the high stability of the resulting cyanide complexes (Nordqvist 1988). A study by 
Eisenberg et al. (1985) that chromium and copper residuals below 100 mg/I could be 
achieved using iron fillings as adsorbents at pH 5.9, with comparable nickel removal 
achieved at pH 8.0. 
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(2.4) Ion Exchange 
(2.4.1) Introduction 
Ion exchange can remove heavy metals from solution by exchanging a mobile ion in an 
aqueous or gaseous phase (MJ with an exchangeable ion of the same charge (e) in an 
adsorbate framework. This exchange can be simply expressed as: 
(2.4) 
where the ion exchanger phase is denoted by a bar. This reaction is reversible, and 
preferential exchange can occur with other mobile ions present. Multivalent ions (trivalent 
and above) tend to be more strongly attracted to sites of opposite charge (Sawyer 1978). 
Whilst ion exchange reactions have been studied extensively, particularly with reference to 
clay minerals and retention mechanisms in soils, it is only fairly recently that the application 
of these materials to wastewater treatment has been considered. Publications in the field 
increased from 156 published in between 1967 to 1969 up to 500 for the period 1982·1984, 
although the percentage of these papers in comparison to those on water and chemical 
recovery in general remains constant throughout the whole period at approximately 3% 
(Bolto 1987). 
Figure 2.2: The Ion Exchange Process (adapted from Bolto 1987) 
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Kinetics of /on Exchange 
The ion exchange process consists of a number of distinct stages (Bolto 1987), which are 
represented in Figure 2.2. Ion diffusion through the thin film on the surface of the ion 
exchange material and through the matrix itself are frequently the rate limiting steps, as the 
ion exchange reaction itself is very rapid. 
(2.4.2) Ion Exchange Materials and Performance 
/on Exchange Resins 
Synthetic organic ion exchange resins are long chain cross linked polymers, forming a 
framework of ionic groups which can exchange counterions (Walton 1995). These ionogenic 
groups are either permanently ionized, or capable of ionization (Bolto 1987). The exchange 
properties of the resin will depend upon the nature of the ionogenic groups, with cation 
exchangers having strong and weak acid groups and anion exchangers strong and weak 
base groups respectively. The degree of crosslinking in the framework affects the porosity 
and swelling potential of the exchanger, with thermal and mechanical stability increasing as 
crosslinking increases. The dissociation of strong acid resins is high, so that they perform 
well over the whole pH range, but weak acid resins are more pH dependent (Etzel 1985). 
The nature of the wastewater or, more specifically, the speciation of the metal ions will be a 
major consideration when choosing an ion exchange resin. For example, if a cyanide bath is 
used during zinc plating, the zinc is likely top be present as Zn(CN)42- rather than the free 
Zn2+ ion under alkaline pH conditions. A strong-base anion resin proved the most effective 
for zinc-cyanide complex removal, achieving an exchange capacity of 1.32 meq/ml resin 
(Gupta 1985). 
Conditioning of the ion exchange resin can enhance removal, by converting the resin into a 
sodium form. Treating a Chelex 100 resin (a chelating resin) with hydrochloric acid and 
sodium hydroxide can result in a resin capacity for cadmium and lead of 3.9 meq/g (Rao 
1982). 
Ion exchange resins must either be economically feasible as a one-off disposable treatment 
option, or regenerated. Conventionally, either a concentrated acid or base solution is used 
depending upon the nature of the ion exchange resin. In a study by Petruzzelli et al. (1995) 
of different regeneration regimes, a combination of elution with hydrogen peroxide, sodium 
chloride and sodium hydroxide and then sulfuric acid proved the most effective method of 
regenerating a weak acid resin, leading to a 90% recovery of influent chromium from a 
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tannery effluent as Cr(OH)3. Sodium thiocyanate can be applied to regenerate Zn(CN)-
loaded resin, reaching 88% regeneration (Gupta 1985). A more novel approach is to use a 
chelating agent such as ethylenediaminetetraacetic acid (EDTA) or sodium citrate to recover 
heavy metals from spent resins. A strong acid resin loaded with copper, nickel and zinc 
could be successfully regenerated using both chelating agents under alkaline pH conditions 
(Etzel 1985). The efficiency of regeneration was affected by the selectivity of the resin for 
the loaded ions, solution pH, the ratio of exchangeable Na+ions per mole of chelate and the 
relative stability of the metal-chelate complex. 
It is suggested in the literature that countercurrent operation is the most efficient for ion 
exchange processes, producing high effluent quality and requiring lower volumes of 
regenerant solution. Packed bed exchange columns are also found to be more effective 
than more sophisticated fluidized bed technologies. as countercurrent flow is more easily 
achieved, and design and operation is simpler (Dearie 1987). 
Clay Minerals 
Most layered aluminosilicate minerals have a net surface charge arising from isomorphous 
substitution of an ion of lower valency (AI3+ for Si4+, Mg2+ for AI3+). The surface charge is 
balanced by counterions located between the layers to maintain electroneutrality. These 
counterions are exchangeable, leading to the ion exchange properties displayed by clays. 
Materials such as montmorillonites, kaolinites and vermiculites have been widely studied to 
determine their ion exchange capacities and behaviour, particularly since they are naturally 
occurring minerals in soil systems, and many soil types show significant binding capacity for 
divalent toxic metal ions (Morley 1995, Maes 1986, van BladeI1993). Montmorillonite and 
vermiculite have been demonstrated to have cation exchange capacities of 0.8-1.7 meq/g 
(Kinniburgh 1981). Different types of exchange sites have been found to be associated with 
the aluminium and silicon within the clay structures such as mordenite, kaolinite and 
montmorillonite (Schulthess 1990), illustrated by the different adsorption edges seen for 
nickel adsorption on 2:1 clays. Aluminium-associated sites had a characteristic adsorption 
edge at pH 6.9, whilst those for the external silicon sites were at pH 3, 4.8 and 8.2. 
Differentiation could also be made for silicon sites located within the clay framework, with a 
distinct adsorption edge of pH 2. 
A treatment system for a chromium-zinc plating rinsewater was developed using chromium 
reduction with 350mgtl Na2S04 and a vermiculite dose of 0.133 gtml wastewater, at pH 8.0. 
Chromium, zinc, nickel, copper and iron residuals of less than 0.1, 0.02, 0.1, 0.4. 0.1 mgtl 
respectively were achieved, more than satisfying the discharge requirements (Eisenberg 
1985). The authors speculated possible advantages are that no sludge is generated, and 
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spent vermiculite may be disposed of as non-hazardous waste. Keramida et al. (1982) have 
also studied vermiculite for plating wastewater treatment, achieving cation exchange 
capacities of 76, 69 and 80 meq/100g for copper, zinc and nickel. Single use was 
economically feasible, and disposable as a non-leachable non-hazardous waste was 
possible follOwing exfoliation at 70()llC. 
Some clay minerals have a positive surface charge, leading to anion exchange properties. 
For example, trivalent aluminium substitution for divalent magnesium in hydrotalcite 
produces positively charged layers, which maintain electroneutrality by storing anions 
between the sheets (Carlino 1997). Hydrotalcite does have a high affinity for carbonate ions, 
so pretreatment such as firing may be required if it is to be used as a sorbent (Parker 1995). 
Liquid Ion Exchange 
Liquid ion exchange resins can be used to treat contaminated effluents. The exchangers are 
organic liquids insoluble in water, but soluble in a solvent such as kerosene or xylene. 
Commercially available extractant solutions are dinonylnapthalene sulfonic acid and 
didodecylnapthalene sulfonic acid (Petersen 1981). The ion exchange solution is mixed with 
the contaminant solution (usually as a countercurrent flow) whilst exchange occurs. Once 
the contaminant ions are exchanged into the exchange phase, the wastewater and 
extractant phases are separated, usually by gravity separation, as the phases are 
immiscible. The extractant solution can then be stripped of the contaminant ion, usually by 
contact with a concentrated acid solution, and a concentrated eluent of the desired 
contaminant ion is obtained, for possible reuse or further treatment. A study by Petersen et 
al. (1981) found that a cationic liquid ion exchange resin was the most economic method of 
removing cadmium and nickel from plating rinsewaters compared against a strong acid resin 
and an anionic resin. Nearly 100% hexavalent chromium removal from a plating wastewater 
was achieved using tricaprylamine in kerosene with a feed pH of 1.0, with 90% removal at 
pH 2.0 (Davis 1987). Advantages of liquid ion exchange include high selectivity, lower 
susceptibility to fouling and the ability to withstand fluctuations in concentration and flow 
rates. 
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(2.5) Zeolitic Materials 
(2.5.1) Definition 
Zeolites are complex hydrated aluminosilicates built from silica tetrahedra which cornershare 
oxygen atoms to create a clearly defined crystalline lattice of interconnecting channels and 
cavities (Breck 1974, Townsend 1984). A net negative charge is induced by the 
isormorphous substitution of aluminium for the silicon within the framework tetrahedra. In 
order to maintain electroneutrality, mobile countercations are stored in the intravoidal water 
of the zeolite solid, giving a generic chemical composition of zeolites: 
(2.5) 
where M is a cation of valence n, and w is the number of water molecules. The ratio of silica 
to alumina commonly varies between 1 and 5 (Breck 1974), giving different framework 
compositions. 
(2.5.2) Structures and Composition 
At least 40 types of natural zeolitic minerals have been identified, and over 150 zeolites 
synthesised, with the first synthetic zeolites used commercially in the mid 1950's (Breck 
1979). Variations in framework architecture and cation exchangeable capabilities produce a 
wide range of materials, with specific selectivities and sieving properties. The alumina and 
silicate tetrahedra are known as primary building units and corner-share oxygens, combining 
to form a number of different basic structures called secondary building units (SBU's), and 
these SBU's link to form a three dimensional lattice. The SBU's are named according to the 
size of the "oxygen windows" (Dwyer 1984a) which determine the geometry of the cavities 
and channels formed in the framework (Figure 2.3). 
Zeolites can be classified according to their structure type, and there are currently 126 
topology classifications assigned by the Structure Commission of the International Zeolite 
Association (Baerlocher 2000), identified by recurring combinations of secondary building 
units. Each particular structure type is assigned a structure code, relating to its topological 
category. and referred to as a three-letter abbreviation. It is possible for two zeolites of 
exactly the same chemical compositions to have distinctly different topologies as the 
tetrahedra are arranged in another manner. Zeolite 4A and sodium zeolite MAP both have a 
silicon-to-aluminium ratio (Si:AI)of 1:1, but 4A is a Linde type A structure (L TA), whilst MAP 
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Figure 2.3: Zeolite building blocks (adapted from Dyer 1988) 
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has a gismondine topology (GIS). Similarly, zeolites of the same structure class can have 
different chemical compositions, varying both in silicon-to-aluminium ratio (Si:AI) and the 
nature of the exchangeable cations. The cationic form of the zeolite is usually described by 
prefixing the elemental symbol to the zeolite name. Sodium zeolite MAP can thus be 
referred to as Na-MAP, and after exchange to the calcium form a correct description would 
be Ca-MAP. 
Zeolites can also be differentiated by their networks of interconnecting channels and cavities. 
In some zeolites the channels can run para"el to a single direction, and these zeolites are 
known as fibrous or chain zeolites. Common examples are edingtonite and natrolite (Figure 
2.4a). These zeolites consist of sheets of chains, formed when the tetrahedra share only 
one oxygen (Breck 1974), with channels running in a single direction only (Kokatailo 1983). 
In lame/lar zeolites, only three corners of each tetrahedron are shared, hence the zeolite 
channels run para"el to two perpendicular axes. This structure commonly found in phillipsite 
and other sedimentary zeolites (Smart 1992). If a" four corner oxygens of the tetrahedra are 
shared, then the most common zeolite structure is formed, with the zeolite channels running 
para"el to three-dimensional cubic axes (Figure 2.4b). 
Conventionally, zeolite frameworks comprise of interconnecting channels and cavities, within 
which exchangeable charge-balancing cations are stored. A relatively new group of 
synthetic zeolites have been synthesised which contain only interconnecting channels and 
no large cavities (Dwyer 1984b). Exchange and catalytic activity occurs within these 
channels rather than primarily in the large cavities found in more conventional zeolite forms 
such as zeolite A. 
Zeolites can also be divided into groups with similar structural forms. Breck (1974) has 
identified ten main groups: analcime, chabazite, clathrate, faujasite, heulandite, laumontite, 
mordenite, natrolite, pentasil and phillipsite. Zeolites in the same group wi" possess similar 
topological characteristics to each other, although not necessarily the same structure code. 
(2.5.3) Synthesis and Formation 
Zeolites cannot be described as novel materials, since Cronstedt identified natural zeolites 
as a distinct group of aluminosilicate minerals with specific properties in 1756 (Breck 1974), 
and the first synthetic zeolite was made in 1862 by St. Clair Deville (Barrer 1985). Industrial 
interest came relatively slowly, and the first industrial research into the materials began in 
1947 at the Union Carbide Corporation to commercially synthesise zeolite materials (Breck 
1974). 
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Figure 2.4a: Zeolite Types (Adapted from Baerlocher 2000) 
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Figure 2.4b: Zeolite Types (Adapted from Baerlocher 2000) 
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Natural zeolites are found primarily in areas of previous volcanic activity, in semi-arid 
climates. Most types are found in strata from the Cenozoic and Mesozoic periods (Iijima 
1980). Conditions encouraging formation include high temperatures, such as highly active 
geothermal environments and sites of volcanic eruptions. Burial diagenesis can result in the 
transformation of vitric tuffs to clinoptilolite and subsequently to heulandite and analcime 
(Ogihara 1989). This is due to a combination of dissolution and precipitation reactions, with 
temperature increasing with burial depth. Potassium-rich zeolites like clinoptilolite and 
phillipsite are often found in marine sediments, and also in alkaline, saline lake deposits 
(lijima 1980). Zeolite formations have precipitated in pyroclastic rocks as groundwater has 
percolated through the pore structure. 
Synthetic zeolites are conventionally synthesised by silicate and aluminate solutions in 
alkaline conditions at temperatures between 10()!lC and 200!!C (Jansen 1991). A gel phase 
is precipitated, which will gradually dissolve and re-precipitate with time, leaving zeolite and 
various reaction side products. This chain of reactions is known as Ostwald's rule of 
successive transformations, which states that as each successive phase appears, it will be 
thermodynamically more stable than it's predecessor (Barrer 1983). It is known that the 
temperature, pressure, pH, chemical composition, and nature of the reactant solutions all 
affect the synthesis process (Barrer 1985). Relative concentrations of silicate and aluminate 
are important, with the Si:AI ratio in the zeolite forms decreases with each successive 
transformation of zeolite product. Si:AI can never fall below 1.0, since Loewenstein's rule 
prevents the formation of an AI-O-Allinkage within the zeolite framework (Smart 1992). 
Synthesis of a certain type of zeolite can be promoted by the seeding of the precursor gels 
with crystals of the required zeolite. It has been proved that the longer the crystallization 
time of the precursor gel, the lesser the selectivity for divalent ion in zeolites A and X (Mole 
1987). The addition of specific template cations or salts can also aid synthesis of specific 
zeolite structures by allowing the structure to form around the template ion. A popular 
template ion is tetramethyl ammonium (TMA+), but linear polyelectrolytes have also been 
used in some syntheses. They have been found to reduce the stacking flaws found in some 
synthetic gmelinites and enhance sorption capacities (Barrer 1983). 
(2.5.4) Properties and Characteristics of Zeolites 
Sorption and /on Exchange 
Zeolites exhibit ion exchange properties by virtue of the net negative charge on the 
aluminosilicate matrix. The framework charge is counterbalanced by cations located within 
the cages and channels, which are mobile within the interstitial water and can be exchanged 
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with ions from an external solution. The ion exchange behaviour of zeolites is addressed in 
more depth in section 2.5.5 but, in addition, the materials can also demonstrate considerable 
sorption capacity. As well as the charges arising from the isomorphous substitution of 
trivalent aluminium for tetravalent silicon with the framework, faults within the zeolite 
structure and at crystal borders can result in charges, and hydroxyl and silanol groups may 
be attached to the edge aluminium ions, all causing sorption (Townsend 1991). 
Molecular Sieving 
The channels and cavities in a zeolite matrix are regularly and systematically arranged, with 
precise dimensions. These dimensions are in the angstrom range, comparable with ionic 
radii. If an ion is unable to physically enter the pore window on the surface of the zeolite 
crystal, denying it access to the internal framework system, then this exclusion is known as 
molecular sieving. The process is illustrated graphically in Figure 2.5. 
Figure 2.5: Molecular Sieving 
(a) Pre-exchange, (b) During the exchange process, (c) Post-exchange 
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The molecular sieve properties of zeolites arise from the dimensions of the pore windows on 
the surface of the zeolite. The internal dimensions of the zeolite matrix can also cause an 
exclusion effect. The cavities and channels of the zeolite may be filled with ions before the 
charge on the framework is satisfied, leaving a residual negative charge. This effect is 
known as volume exclusion (Townsend 1991 , Townsend1984, Barrer 1972a). 
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Swelling 
The charge balancing ions in clay minerals are sited within the water between the 
aluminosilicate sheets that make up the soil particles. The particles swell as the layers are 
forced apart to allow water and counterions entrance and mobility. Other ion exchange 
resins can be subject to swelling if their frameworks have some degree of elasticity. The 
polar nature of the exchange groups in the exchanger encourages polar solvent molecules 
such as water to migrate into the matrix in an attempt to equilibrate with the external solution 
(Townsend 1984). In contrast, zeolite frameworks are rigid and swelling cannot occur. The 
dimensions of the channels and cavities are such as to permit easy access to water 
molecule and selected cations and other molecules, providing their diameters do not cause 
the molecular sieve effect to occur. 
San Imbibition 
The imbibition of co-anions from the external solution into the zeolite boundary region can 
hinder and even prevent the exchange of cations, as a significant electrical potential gradient 
can be generated (Townsend 1984). This potential (called the Donnan potentia~ may result 
in the inhibition of cation diffusion through the boundary region. This exclusion effect is at its 
greatest when the difference between the concentration of cations between the zeolite phase 
and the external solution is maximum, and a high Si:AI ratio (and hence low exchange 
capacity and cation content of the zeolite) occurs. Investigations into the impregnation of a 
range of natural and synthetic zeolites with a variety of salt solutions proved that zeolites 
become increasingly blocked as salt concentration increases, enhancing the molecular sieve 
effect (Barrer 1979). K2Cr04 blocked the sorption of a number of hydrocarbons on offretite, 
mordenite and zeolite L, which were not rejected by the untreated zeolites. 
Pore Size Modification 
The size of the pore windows can be modified by altering the silicon to aluminium ratio of the 
zeolite framework during synthesis. This will change the charge density and exchange 
capacity of the zeolite. The higher the Si:AI, the lower the number of exchangeable cations 
located in the pore windows, and the wider the window diameters. Increasing the silicon-to-
aluminium ratio will also increase the hydrophobicity of the zeolite, leading to the ability to 
selectively sorb organic compounds dissolved in water (Oessau 1980). The type of cation 
can also be altered, either by exchanging for ions of smaller radii, or one divalent ion for two 
monovalent ones (Barrer 1979). Additionally, changing the cation may also change the 
location of the exchangeable ion since different exchange sites have different affinities. 
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Table 2.2: Characteristics of some main zeolites (Adapted from Dyer 1988, Breck 1974) 
Zeolite Structure Typical Typical 
Type Si:AI Ratio Exchangeable Zeolite Type 
Code· Ions 
Natural Synthetic 
Zeolite A LTA 1:1 Na 
Chabazite CHA 2:1 Ca 
Faujasite FAU 2.3:1 Na, Ca, Mg, K ./ 
Zeolite X FAU 1.2:1 Na ./ 
Analcime ANA 2:1 Na 
Gismondine GIS 1:1 Ca ./ 
Zeolite P GIS 1.7:1 Na ./ 
Phillipsite PHI 2.2:1 K, Ca, Na 
Offretite OFF 2.6:1 K,Ca,Mg ./ 
Ferrierite FER 5.5:1 Na,Ca,Mg ./ 
Mordenite MOR 5:1 Na 
Heulandite HEU 3.5 Ca ./ 
Clinoptilolite HEU 4.25-5.25 Na ./ 
Zeolite Y FAU 2.4:1 Na ./ 
* Code aSSigned to each zeolite structure type by the International Zeolite Association 
(2.5.5) Ion Exchange 
/on Exchange Reaction 
Townsend argues that the ion exchange reaction should be regarded as a bulk phase 
interaction rather than a surface phenomenon, since the exchange occurs within the internal 
pores and channels of the zeolite particle rather than on the particle surface (Townsend 
1991). During a binary ion exchange reaction, a mobile ion in an aqueous or gaseous phase 
(MA) is exchanged with an exchangeable ion (Ms) in the zeolite framework. This exchange 
can be simply expressed as: 
(2.6) 
(Townsend 1984) 
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where the zeolite phase is denoted by a bar. The respective valencies of the two ions are ZA 
and Zs. This reaction is reversible, and preferential exchange can occur with other mobile 
ions present. Multivalent ions (trivalent and above) tend to be more strongly aHracted to 
sites of opposite charge (Sawyer 1978). 
/on Exchange Equilibria 
It is beneficial to be able to predict ion exchange equilibria and selectivities from 
experimental data that are relatively easy to obtain. Some parameters are difficult to 
measure experimentally and these can be derived by calculation from their relationships with 
other, more easily established parameters. In a binary system, the separation factor (a) can 
be derived from the following equation: 
a=EA.EB/_ 
/Ea.EA 
(2.7) 
(Townsend 1984) 
where EA denotes the equivalent fraction of cation MA in the solution phase and 
correspondingly Es for the cation Ms, with the zeolite phase indicated by the bar. The 
respective equivalent fractions can be calculated from: 
(2.8,2.9) 
(Townsend 1991) 
nA and ns represent the moles per unit volume of the cations MA and MB within each phase 
(moVI, moVkg). The separation factor can be derived from ion exchange isotherms. These 
are graphs, determined experimentally at constant temperature and total solution normality, 
of the equivalent fraction of an exchangeable ion in the zeolite phase (x-axis) against the 
equivalent fraction in solution (y-axis) (Dyer 1981). The separation factor can be determined 
graphically as the area above the isotherm curve divided by the area below the curve 
(Townsend 1991). 
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Thermodynamic parameters can be developed from the isotherm data. The mass action 
quotient (km) can be calculated from the following relationship: 
(2.10) 
(Townsend 1991) 
where rnA and ms are the molal concentrations of cations MA and Ms (mol/kg). Additionally 
the thermodynamic equilibrium constant (ka) can be derived: 
(2.11) 
(Townsend 1991) 
with the "a" parameters representing the activities of cations MA and Ms in the solid and 
solution phases (molll). The thermodynamic equilibrium constant is a function of the 
activities, whilst the mass action quotient is defined with respect to cation concentrations, 
and they are connected by the following expression: 
(2.12) 
(Townsend 1991) 
with r defined as an activity correction coefficient for the solution phase, and <I> as the 
activity correction coefficient for the zeolite phase. A corrected selectivity coefficient (ko) can 
be determined from: 
(2.13) 
(Townsend 1991) 
Gaines and Thomas determined an additional relationship between the thermodynamic 
equilibrium constant and the corrected selectivity quotient: 
1 
Ink. =(zs -ZA)+ flnkG.dEA +V+'P 
o 
(2.14) 
(Townsend 1991) 
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which includes two additional parameters. V is a function of the water content of the zeolite 
solid, and 'If reflects the activity of the zeolitic water. 
The standard Gibbs energy of exchange (~GE) (J/mol) can be calculated from Equation 2.15. 
(2.15) 
(Adams 1997) 
where Rand T are the gas constant (8.314 J/Klmol) and temperature (K) respectively. 
All the expressions given previously refer to binary reactions, concerning two exchangeable 
cations MA and Me. Several authors have extended these relationships to ternary reactions 
and multicomponent systems (Franklin 1988, Townsend 1986, Fletcher 1981a, 1981b, 
1981c), which represent actual systems much more closely. 
Ion Exchange Capacities 
Whilst ion exchange equilibria can be calculated and assist with the prediction of reactions, 
ion exchange capacities are much more valuable from a practical standpoint. The ion 
exchange capacity reflects the potential exchange ability of the zeolite concerned. The total 
exchange capacity is a measure of the density of fixed charges within the zeolite framework, 
calculated from the aluminium content of the zeolite. To maintain electroneutrality, all these 
fixed charges must be balanced. In practice, this is rarely achieved, and the operating 
capacity of a zeolite is a more informative parameter, since it measures actual removal 
under specified conditions. Variables such as ion selectivity, temperature, cation 
concentration, particle size, internal and external surface areas, pre-treatment of the zeolite 
and the presence of competing ions all affect the operating capacity. The cation exchange 
capacity of an ion exchange material reflects the capacity the material can remove when 
saturated with a highly preferred ion. For zeolites, this is often done using ammonium as the 
preferred ion. 
Direct comparison of exchange capacity between zeolites is difficult unless identical 
conditions have been maintained. One method of comparison is to adopt a standard 
procedure and exchangeable ion. Dyer (1998) recommends assessing the uptake of 
ammonium cations at room temperature for natural zeolites, with additional guidelines on 
solid: solution ratios for synthetic zeolites. It must be emphasised that these conditions may 
not be optimal, and the maximum attainable exchange capacity may not be reached. The 
capacity will vary for each specific zeolite and cation, and will be strongly dependent upon 
environmental conditions. 
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Kinetics 
The same stages occur in ion exchange in zeolites as with other ion exchange resins: bulk 
diffusion through the solution, film diffusion through the boundary layer at the surface of the 
zeolite particle and particle diffusion through the zeolite matrix (see Figure 2.2). The two rate 
controlling steps are film diffusion and particle diffusion, and the properties of the boundary 
layer and zeolite matrix are also clearly critical. Reaction kinetics can be modelled, but it is a 
relatively complex process and detailed knowledge of concentration and activity gradients is 
required (Townsend 1984). 
The relative rates of diffusion of the ions is also important, since the speeds of the incoming 
and outgOing ions within the zeolite may not be equal, causing a potential gradient to form, 
particularly if a divalent ion is exchanging with a monovalent one, which may impede the 
faster species and accelerate the slower (Townsend 1984). In general, the exchange of a 
divalent ion for a monovalent ion is slower than that of a monovalent ion for another of the 
same valency (Barrer 1972a). 
Particle size is another key factor in determining the reaction kinetics, but the effect of this 
parameter will be discussed in more detail in Section 2.8.4. 
Cation Location 
It must be noted that there are distinct types of cation exchange sites, even within the same 
zeolite framework. Each type of crystallographic site has its own affinities for ions, and 
entering cations may not occupy the same exchange site as the departing cation (Maes 
1986, Barrer 1972b). Zeolite A has twelve counterions per unit cell, eight of which are 
located within the a-rings of the tetrahedra that separate the supercages from the sodalite 
cages and are easily identified by X-ray crystallography (Sherry 1969). The remaining four 
sites are not identifiable by the same method, indicating distinctly different locations. 
Exchange sites of the faujasite group of zeolites have been widely studied (Uytterhoeven 
1984, Costenoble 1976), with some exchange sites much more approachable in the large 
cages of the framework structure. The sites located in the denser, smaller cages are much 
less accessible, and only a very specific type of ion will be able to exchange into these sites. 
Exchange sites will also have characteristic energies of interaction, and it may be much 
more difficult to remove cations from some sites than from others (Townsend 1991). 
Hydration 
The hydration state of ions can playa key role in exchange selectivity and cation siting. 
Some ions, such as lanthanum, require a large input of energy to shed their hydration water 
molecules to enter certain channels and cavities and reach exchange sites (Sherry 1969). In 
54 Centre for Environmental Health Engineering 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
general, divalent ions hydrate more strongly than monovalent ions of similar ionic radii, and 
the resulting hydration sheath is larger (Barrer 1972a). The hydration of cations will not only 
affect the distribution of cations within the framework, but also govern interactions with the 
water molecules in the zeolite channels (Uytterhoeven 1984). 
(2.5.6) Zeolite Stability 
Thermal and Hydrothermal Stability 
The response of a zeolite to heating will depend upon its silicon and aluminium content of 
the framework, the type and quantity of exchangeable cations, the accessibility of the 
framework, initial amount of water and the conditions of heating (temperature, duration, rate) 
(Bish 1993). Water loss can result in structure alteration, framework collapse, loss of 
crystallinity and possible recrystallization to non-zeolitic aluminosilicate (Dyer 1988). Water 
will not be lost in a single step release, but rather gradually over a temperature range. Some 
water will be lost at relatively low temperature, whilst other water molecules will bind more 
strongly to their associated cations. The rate of dehydration will be affected by the particle 
size of the zeolite, the degree of packing (if in a column operation), zeolite structure and the 
partial water pressure (Bish 1993). Varying degrees of structural degradation result: initially 
cations and water molecules can migrate to other exchange sites within the framework and 
the cell volume can decrease. Both these effects can be reversible, although if the volume 
decrease is also accompanied by the breakage of Si-O-AI and Si-O-Si bridges, distortion 
may be irreversible, and the framework destroyed. Coughlan and Carroll (1976) noted that 
the thermal zeolite of nickel-exchanged zeolite A was dependent upon the extent of nickel 
exchange (Le. the nickel content of the zeolite), displaying stability up to at least 673K at 
exchange levels of 75% and below. 
Transformation into other zeolite phases can occur upon heating: cubic sodium zeolite P can 
transform to tetragonal NaP gradually at room temperature, but the process is accelerated to 
approximately an hour if the temperature is raised (Dyer 1988). ZSM-5 will convert from a 
monoclinic form to an orthorhombic form when heated (Fyfe 1989). The relative thermal 
stabilities of a range of zeolites are given in Table 2.3. 
The hydrothermal stability can be dependent on the cationic form of the zeolite, generally in 
line with solubility of the appropriate cation hydroxides. The higher the enthalpy of formation 
of the metal hydroxides, the less stable the cationic form of the zeolite will be. Exceptions to 
this rule may be due to the formation of new aluminosilicates, as seen with the potassium 
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Table 2.3: Zeolite stabilities (compiled from Dyer 1988, Breck 1974, Carland 1988) 
Zeolite Thermal Acid Stability Alkali Stability 
Stability 
Zeolite A 
• 
0 0 
Chabazite 
• Faujasite • 
Zeolite X 
• 
0 
Analcime 
• 
Gismondine • 
Zeolite P • 
Phillipsite 
Offretite 
• 
Ferrierite 
• 
ZSM-5 
• 
Mordenite 
• • 
Heulandite 
Clinoptilolite 
• • 
• 
Zeolite Y 
• 
Key: 
Thermal stability Acid/alkali §lability 
ambient - 250°C poor 0 
250-400°C • moderate • 
400-600°C • high • 
above 600°C • 
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and strontium exchanged forms of zeolite A following hydrothermal treatment up to 473K 
(Fichtner-Schmittler 1992). 
Heat treatment of zeolite 3A results in the formation of "amorphous crystals", a description 
which is, by definition, an oxymoron. Zeolite A can retain crystal-like form even when XRO 
analysis proves that the particles are completely amorphous. No proven explanation is given 
in the literature, but Kosanovic et al. (Kosanovic 1997) suggest the possible hypothesis that 
the surface layer of the zeolite particle may display different characteristics to the layers 
below, and act as a shell, retaining the crystal-like shape of the amorphous aluminosilicate. 
Mechanical Stability 
The mechanical stability of a zeolite must be considered when contemplating applying the 
material in a column operation. The zeolite must be strong enough to avoid significant loss 
of small particles due to erosion from the effluent flow. The attrition resistance in natural 
zeolites can vary from deposit to deposit, despite the use of the same mineral form of zeolite. 
Zamzow (1995) found that the attrition loss (by weight) varied between 2.1 % and 9.2% for 
four zeolite samples, and 3.8% for a phillipsite. Townsend (1984) argues that many 
synthetic zeolites have higher attrition resistance compared to their natural counterparts. 
Many synthetic zeolites are also in powder form, hence attrition resistance is not a key 
parameter as column operation is not feasible due to low permeability. 
Acid Stability and Zeolite Hydrolysis 
The acid stability of a zeolite is generally governed by its' silicon-to-aluminium ratio, with acid 
resistance increasing with increasing silicon content. A comparative study between 
mordenite, clinoptilolite, chabazite and erionite proved that mordenite (Si:AI >5) has the 
highest resistance, with less than 5% destruction of the zeolite framework after 10 hours at 
pH 0.75, increasing to 30% after 50 hours (Carland 1988). In comparison, the chabazite was 
completely destroyed after 10 hours at pH 0.75. 
As the pH decreases, proton (H+) exchange occurs, as demonstrated in acid consumption 
experiments made on zeolites 4A and 5A (Cook 1982). Between pH 5 and pH 7 acid 
consumption (mol H+/mol AI) is balanced by sodium release, indicating a simple ion 
exchange mechanism. Below pH 5, acid consumption is far in excess of sodium release and 
silicon and aluminium is also released into solution. Zeolite A completely dissolves below pH 
3, as would be expected from its low silicon-to-aluminium ratio. A number of authors report 
incongruent dissolution, with silicon concentrations in solution exceeding those of aluminium 
(Lehto 1995, Cook 1982, Dyer 1988), due to the formation of new aluminosilicates. X-ray 
diffraction analysiS has identified these degradation products for zeolite A, which will 
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eventually yield halloysite (AI2Si20 5(OH)4) after a sufficient time period. The reaction is 
summarised by: 
Na12 (Si02 .AI02 )12 (s) + 12H+ <=> 12Na+ + 6AI2Si20 S (OH)4 (s) + 18H20 
(2.16) 
(Cook 1982) 
Fixed volume acid consumption tests gave a clear indication that two distinct types of 
exchange sites were visible for zeolite NaA. It proved easier to displace the sodium ions in 
the oxygen eight rings with protons rather than those in the oxygen six rings. The cation 
type can also affect the acid stability of the zeolite, as those with a higher affinity (particularly 
divalent ions) will compete more successfully with the protons for the exchange sites 
available. The calcium form of zeolite A (zeolite SA) is more stable than the sodium form in 
neutral and mildly acidic solutions (Allen 1983), although it will dissolve more readily in more 
acidic conditions (Cook 1982). It is believed that the larger, more accessible pores of zeolite 
5A encourage more rapid zeolite dealumination and dissolution. 
The rate of hydrolysis increases as pH is lowered, with 72% of zeolite A hydrolysed after 3 
days at pH 6.3, as opposed to 44% at pH 8.2 for the same time period (Allen 1983). The 
hydrolysis rate of zeolite A stabilises after an hour due to the stability of the hydrogen-
exchanged zeolite, provided the pH is not lowered further (Drummond 1983). 
Whilst considerable acid resistance is clearly desirable for practical applications, zeolites 
with higher silicon contents have lower exchange contents. A balance must be struck 
between the two parameters, depending upon the application. Carland et al (1988) 
recommend that erionite be used for divalent copper removal since, whilst not demonstrating 
the highest acid resistance, a reasonable operating exchange capacity can be achieved at 
pH 2. 
Hydronium Exchange 
In solutions above pH 7, exchangeable ions can be displaced by hydronium ions (H30+) 
released as water molecules dissociate, as expressed in the following equation: 
(2.17) 
(Harjula 1993b) 
If the zeolite is initially in a sodium form, sodium hydroxide is produced, which can 
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subsequently consume atmospheric carbon dioxide and form carbonic acid, eventually 
forming cot and HC03" ions after reaction with hydroxyl ions in solution (Harjula 1993a). 
The zeolite framework dissolves, and releases silicic acid which may subsequently form 
silicate ions in solution. 
Nay[(Si02)x.(AI02)y]+(2X+ 2y)-l20 <=> yNa+ +xSi(OH)4 +yAI(OH)4-(2.18) 
(Harjula 1993b) 
The dealumination of the zeolite framework is accompanied by the release of the 
exchangeable ions into solution, as the zeolite framework loses its net negative charge. 
Apparent decreases in selectivity for zeolites X and Y for trace levels of calcium and sodium 
have been observed, and may be due to the release of colloidal aluminium and 
aluminosilicate particles following hydronium exchange (Harjula 1993c). These tiny particles 
(sub-15 nm) may not be removed by centrifugation and filtration, and may be detected in 
later solution analysis. To avoid this limitation in experimental procedures, it is possible to 
analyse the solids rather than solution phases. Losses can still be seen using this method, 
with only an average 95% recovery of framework aluminium obtained during ion exchange 
experiments, possibly due to the loss of fine particles during filtration (Wiers 1982). 
Significant conversion to the hydronium-form of the zeolite will only occur when the ratio of 
solution to zeolite is large (Harjula 1993b). The cationic form of the zeolite will also affect the 
degree of hydronium exchange, as the ions will compete for exchange sites. The potassium 
form of mordenite is much more resistant to hydronium exchange than sodium since the 
selectivity for potassium ions is much higher (Harjula 1993d) 
(2.6) Zeolite Applications 
(2.6.1) Catalysis 
A combination of structural chemistry and molecular sieving properties of zeolites permit 
shape selective catalYSiS, excluding reactants and products on a basis of size. In 
comparison to the more conventional amorphous catalysts, the large internal surface area 
and crystalline framework of zeolites is an advantage (Smart 1992). 
Proton-exchanged zeolites can contain either Lewis or Br0nsted sites, depending upon 
treatment of the zeolite. Zeolites can be ammonium- exchanged, and the formation 
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ammonia gas subsequently leaves active Br0nsted sites (Dwyer 1984a). Zeolites with 
sufficient acid resistance can be treated by exposure to mineral acids. Heating ammonium-
exchanged zeolites (above 500°C) so that the zeolitic water is driven off and the framework 
aluminium ion is exposed (Smart 1992) creates active Lewis sites. Synthetic zeolites can be 
more consistent in performance, as the catalytic activities of natural zeolites can vary 
considerably, even between the same zeolite types (Chen 1978). 
Catalysis by zeolites can be shape-selective by one of three mechanisms: reactant-selective, 
product-selective and transition state-selective (see Figure 2.6). During reactant-selective 
catalysis, reactants can be excluded, as they cannot enter the pore opening of the zeolite. 
Product-selective catalysis prevents over-sized reaction products from escaping from the 
zeolite, and further reaction stages may occur (Dwyer 1984a). Formation of intermediate 
products may be prevented if the internal volume of the zeolite channels and cavities is 
insufficient. 
Figure 2.6: Shape-selective catalysis (adapted from Smart 1992) 
(a) Straight-chained hydrocarbons 
(b) Branched hydrocarbons 
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One of the most common catalytic applications is the cracking of hydrocarbons for the 
separation of smaller alkenes and hydrocarbon molecules, although the development of 
sophisticated zeolite catalysts is an important field of research and development. Zeolites 
can also be used as catalyst supports for other catalytically active metals (Szostak 1989). 
(2.6.2) Detergent Building 
With the increasing concern about the use of tripolyphoshates in detergents and the risks of 
eutrophication of surface waters, zeolites are now commonly used as builders to soften 
waters and enhance detergent performance (Townsend 1984, Llenado 1983, Kravetz 1983). 
The most commonly used zeolite type for this purpose is the sodium form of zeolite A 
(zeolite 4A) as it has a high theoretical exchange capacity, a Si:AI ratio of 1:1, and a 
relatively low cost. New types are being developed to improve performance, including 
zeolite A24 (or MAP) which despite sharing the same chemical composition as zeolite 4A 
have a different crystalline topology, with enhanced adsorption and absorption properties 
(Layman 1994). 
(2.6.3) Novel Applications 
Whilst zeolites are widely used as drying agents, sorbents and catalysts, other, more 
innovative uses have been developed. High silica zeolites have been proved more as filter 
media for desflurane removal in anaesthesia machines (Janchen 1998). Another medical 
application is as an impregnated support for an anti-fungal tissue conditioner to reduce 
dental plaque (Nikawa 1997). Uses as paper fillers and cement additives are also increasing 
(Dyer 1984). 
(2.7) Applications in Environmental Control 
(2.7.1) Nuclear Waste Treatment 
The natural zeolite clinoptilolite has been proved to be highly selective for radioisotopes of 
caesium (CS137) and strontium (Sr9<), with high exchange capacities and radiation and 
thermal resistance (Pansini 1996). Permanent storage can also be achieved by sealing the 
zeolite by fusion (Munson 1974). Natural zeolites have been used to treat contaminated 
water at the Three Mile Island power station, Pennsylvania, USA, but more recently studies 
have been made into the use of clinoptilolite to treat low level liquid wastes from the 
Chernobyl disaster and to remove CS137 from contaminated liquid food products from milk. 
Chelischev (Chelischev 1993) suggests that a two-log removal of specific radioactivity (Cill) 
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can be obtained by passing milk through a clinoptilolite filter. Investigations have also been 
made into the use of clinoptilolite in industrial sand filters, achieving residual specific 
radiation levels of 3x10-10 Cili. 
Mimura et al. (Mimura 1993) maintain that synthetic zeolite P has an equivalent Cs + removal 
capacity to clinoptilolite, and Sf+ removal surpassed that of the natural zeolite by a factor of 
10. Calcination at temperatures above 1000°C converts the zeolite to pollucite and Sr-
feldspar, successfully immobilising the contaminants. Sinha et al. compared the 
performance of several synthetic zeolites commercially available in India for caesium 
removal (Sinha 1995). Zeolites 13X, AR-1, 4A and ZSM-5 were evaluated and tested in 
batch and column tests, using synthetic wastes and actual effluents. Zeolites 13X and 4A 
were effiCient at removing caesium under batch conditions, but less successful at treating 
real wastes passed through a column. ZSM-5 proved disappointing under all experimental 
conditions, and AR-1 proved ineffective at removing caesium from solutions with high 
dissolved solids. 
Research at the Three Mile Island power plant in the United States has indicated that 
zeolites can be successfully used in the Submerged Oemineraliser System (SOS) for the 
treatment of high activity level water. A combination of two synthetiC zeolites lonsiv IE-95 
and lonsiv A-51 in column operation at a ratio of 60:40 can reduce caesium levels to a 
cumulative breakthrough below 0.01 % and strontium to less than 0.2% (King 1983). lonsiv 
IE-95 is a chabazite-type zeolite with good selectivity for caesium if in the sodium form, and 
A-51 shows good selectivity for strontium. Trace levels of radionuclides remain in solution, 
but investigation proved that they could not be removed by the zeolites due to their 
speciation, although tertiary treatment with other organic ion exchange resins would be 
successful. Storing low level wastewater for several hours at 75°C before treatment by a 
combination of chabazite and zeolite A can enhance removal, as caesium and strontium 
sorbed to colloidal particles can be reintroduced into solution (Pansini 1996). 
(2.7.2) Contaminated Land Treatment 
Natural zeolites with high selectivity for radioisotopes have been used in control barriers to 
prevent radioactive wastes from leaching into surface water bodies (Chelischev 1993). Work 
at New Mexico State University has employed organically treated natural zeolite to remove 
benzene and toluene from groundwater contaminated by leaking underground storage tanks 
(LUST)(Fortner 1996). Benzene levels were reduced by 80%, leaving a residual 
concentration of 0.7 mgtl. The addition of a clinoptilolite amendment to a strontium 
contaminated soil achieved a 14% reduction in strontium levels when a dose of 8 tonnes per 
hectare was applied, rising to 41% if the dose was quadrupled (Weber 1984). 
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Research at the us Superfund site at Bunker Hill has recognised that whilst experimental 
complications made data interpretation difficult, zeolites show considerable promise for the 
remediation of contaminated land (Leppert 1990). One limitation however is that sodium 
release from the ion exchange process may cause sodium toxiCity to subsequent crop yields, 
so the use of pre-treated zeolites may be advantageous (Campbe" 1997, Weber 1984). 
Haidouti (Haidouti 1997) applied heulandite to mercury contaminated soil, achieving 
reductions of up to 96% in the mercury content of ryegrass plants grown subsequently. A 
20% dose of natural zeolite additive (phillipsite and faujasite) reduced nickel, cadmium and 
lead leaching from contaminated soil by 15%, <1 % and 87% respectively, increasing to 50%, 
60% 97% with higher zeolite additive dosages. 
Studies were performed in Cornwa" to evaluate the impact of zeolite amendments for the 
remediation of derelict mining land by testing a mining spoil material (Mitche" 1991). A 
clinoptilolite, Zeofeed I, retained approximately 17 mg of copper released during percolation 
experiments; although a montmorillonite cat litter and natural mineral kieselguhr showed 
improved performance. Synthesised zeolite produced from waste fly ash applied to 
cadmium-contaminated soil achieved significant immobilisation of the cadmium, with an 
optimum dosage of 0.1-0.2 g zeolitelmg Cdl100 g soil (Lin 1998). The texture of the soil 
must be conSidered, as hydraulic conductivity wi" generally decrease with increasing zeolite 
application in silts and sands, but may actually improve in clays. A zeolite amendment of 
faujasite and phillipsite achieved a 97% reduction in the leaching of lead from a spiked sandy 
soil, with zeolite doses of 5%, 13% and 35% for contamination levels of 500 mglkg, 1000 
mglkg and 5000 mglkg respectively (Shanableh 1996). Nickel and cadmium reduction was 
lower, at 50% and 25-60% (depending upon cadmium loading) respectively. 
Interest in the potential application of zeolites as barrier materials for the retention of toxic 
metals is grOwing (Mitche" 1990). The addition of crushed clinoptilolite to clay soils 
increased the workability of the soils, and retained 100 mgll of iron from a contaminated 
sample (A"erton 1996). A practical complication was highlighted though, as bacterial growth 
clogged the soil pores and reduced hydraulic conductivity. The possibility of microbial 
evolution could cause significant problems, particularly if treating leachates from domestic 
waste landfill sites. 
(2.7.3) Municipal Wastewater Treatment 
Clinoptilolite shows an extremely high selectivity for ammonium, and has proved to be a 
relatively inexpensive and effective ion exchange material for tertiary ammonium removal 
from municipal wastewaters (Munson 1974). A study evaluating the ammonium uptake of a 
range of synthetic and natural zeolites discovered that clinoptilolite proved the most 
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selective, then mordenite, ferrierite, zeolites 4A, 3A and 5A ion descending order 
(Metropoulos 1993). When used in column operation, sodium-exchanged clinoptilolite 
removed 2280 mg/I of ammonia from a landfill leachate by the third sorption/desorption cycle 
(Papdopoulos 1996). Simultaneous reductions in COD and colour of 16% and 13% were 
also achieved. Depending upon the operating conditions, the effective exchange capacity of 
the clinoptilolite was between 0.27and 0.71 meq/g, compared to a theoretical exchange 
capacity of 1.7 meq/g. A phillipsite tuff used to treat a tannery sewage displayed an actual 
exchange capacity of 1.73 meq/g for NH4 + ions in the presence of competing ions, 
compared to an exchange capacity of 2.28 meq/g in ideal solutions (Colella 1988). 
Reyes et al. (1997) compared two filter media, sand and clinoptilolite, in high rate filters to 
treat hotel wastewater. Similar microbial quality and suspended solid levels were obtained in 
both systems, but the zeolite media showed enhanced ammoniacal nitrogen removal, with 
lower pressure losses and longer operational times, producing effluent suitable for irrigation 
purposes. Treated (Ca-exchanged) and untreated Jordanian zeolitic tuff was used to treat 
waste stabilisation pond effluent to remove phosphate and ammonia by up to 30% and 78% 
respectively, with the calcium form showing enhanced phosphate removal, but poorer 
ammonium removal than the untreated tuff (Ghairableh 1996). PaSSing through a 
clinoptilolite column can dampen peak loads of ammonia, with effluent levels below 2 mg/I 
NH4 (Beler-Baykal 1996). If incorporated in an aerated sand filter, a 77% reduction in NH3-N 
(approximately 13mg/l) can be obtained as removal is enhanced by biological activity (Beler-
Baykal 1997). A zeolite column has also been used as a fluidized bed reactor, encouraging a 
nitrification stage with an average nitrification rate of 0.21 g NH4-N/(1 reactor.h} (Lahav 1998). 
Clinoptilolite has also been used to remove ammonia from drinking water in a pilot plant 
study, producing an effluent quality below 0.2 mg NH4 +/dm3 . The zeolite columns were 
regenerated using sodium chloride solution; followed by an airstripping process to allow the 
regenerant solution to be reused (Hlavay 1988). Potassium chloride has also been 
successfully used as a regenerant (Czaran 1988). 
Although much of the research to date has concentrated on bench and pilot scale studies, 
large scale ammonia removal plants are in use in California, Virginia and Colorado 
(Ciambelli 1988). Work has also indicated that the inclusion of zeolite A in the activated 
sludge process to treat primary settled wastewater may be feasible, although no significant 
impact was seen on the heavy metal concentrations in the wastewater studied (Carrondo 
1981). 
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(2.7.4) Waste Stabilisation and Solidification 
Some initial research has been made into the use of both synthetic and natural zeolites to 
immobilise toxic waste in stabilised waste systems. Atkins et al. (1995) concluded that 
synthetic zeolite P offered considerable potential for the barium and strontium stabilisation 
under conditions simulating those in cements. The presence of sodium hydroxide (to 
simulate alkaline pore conditions) reduced the sorption of lead, but enhanced uranium VI 
sorption. XRD analysis established that two zeolite P phases might be formed after metal 
sorption, with additional calcium carbonate formation if sodium hydroxide is present. Other 
complexes can also be formed, such as sodium uranate during uranium exchange, and lead 
oxide during lead sorption. 
Lead-containing zeolite sludges have successfully been stabilised in cement matrices with a 
25% Portland cement (OPC) content, which would then be allowable for landfill disposal 
(Albino 1995). It is also suggested that a cadmium-loaded phillipsite tuff can be 
encapsulated in a cement matrix, which would be suitable for use as a building material 
(Cioffi 1996). Leaching tests on the solidified cadmium waste with 25-90% ope addition 
releases less than 0.02 mgtl, and ANC tests on the 50-90% blends will release less than 
0.01 mgtl at pH 9.0. A two-stage treatment strategy for hazardous wastes would then seem 
feasible, with treatment of a liquid waste initially, followed by cement solidification. 
(2.7.5) Agricultural Applications 
A wide range of possible agricultural applications for zeolites have been identified, but a 
selection of those that can be classified as pollution control issues include soil amendments 
and treatment of animal wastes. Research has been conducted into the use of clinoptilolite 
scrubbers to reduce odour in poultry holding pens (Miner 1984), achieving up to 45% 
reduction in aerial ammoniacal nitrogen. The same study also proved that the application of 
clinoptilolite to cattle pen floors reduced ammonia release rates by 50%. When clinoptilolite 
was added to chicken feed and to the floor litter of a broiler house, aerial ammonia levels 
increased (Amon 1997). The conditions in the floor litter appeared to promote ammonia 
volatilisation. It has been suggested that natural zeolites could be used to prevent nitrate 
leaching from soils amended with ammonium fertilisers, and as slow release fertilisers 
themselves for plant nutrients such as potassium (Barbarick 1984). 
Whilst the spreading of sewage sludge on agricultural land is well recognised as a desirable 
solution for its ultimate disposal, the risk of introdUCing contaminant heavy metal ions into the 
soil horizons is a concern. A study by Weber et al. (1984) proposed that the prior 
amendment of the soil with clinoptilolite would reduce plant uptake of trace metals. This 
study was inconclusive, since high soil-sludge pH levels indicated that it would be unlikely for 
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the heavy metals to be in a bioavailable form for plant uptake, but it did highlight the concern 
that high levels of sodium released from the zeolite could be phytotoxic. Chlopecka (1997) 
established that cadmium concentrations could be reduced by up to 61 % in three-week old 
corn, and by 70% in barley. Equivalent reductions in lead concentration were 60% and 46% 
respectively. Clinoptilolite applied to contaminated soils in the Chernobyl region decreased 
caesium concentration in plants grown upon it by approximately 30% and strontium content 
by 50-70% (Chelischev 1993). 
(2.7.6) Acid Mine Drainage 
Bremner et al. assessed three clinoptilolite tuffs for the remediation of acid mine drainage 
(Bremner 1995), and concluded that metal removal capacity was enhanced by pre-treatment 
of the zeolites with sodium chloride, although theoretical exchange capacities could not be 
reached due to the high level of competing ions present. Zamzow determined Pb > Ca > Zn 
> Mn > Cu > Cd > AI > Ni to be the effective exchange capacity series for four clinoptilolite 
samples and a phillipsite (Zamzow 1995). Zeolite dosages between 370-546 gil were 
required to treat acid mine drainage from a copper mine in Nevada to below USEPA drinking 
water standards. 
(2.8) Heavy Metal Removal by Zeolites 
(2.8.1) Synthetic Zeolites 
Screening tests to determine the feasibility of removing heavy metals from synthetic metal 
solutions with zeolite NaA proved that Pb2+ and cif+ were readily removed to below 0.3mgll 
within five minutes at a dosage of 0.25g1I, although selectivity was lower for Cr3+ 
(Hertzenberg 1983). Hydrated zeolite 4A reached an equilibrium capacity of 280 mglg cif+ 
after 30 minutes when no competing ions were present (Biskup 1998). Allen et al. (Allen 
1983) monitored the uptake of trace levels of heavy metals (1 00 ~gli of zinc, copper, 
cadmium, and nickel and 50 ~glllead) whilst assessing hydrolysis effects, giving the 
follOwing selectivity series: Pb2+»cif+>Zn2+>Cu2+»Ni2+. This cannot be classed as a true 
selectivity series as varying quantities of heavy metals were used. Ideally, equal 
concentrations in terms of milliequivalents per litre would provide a truer selectivity series. 
Studies into the Pb-CaA system indicates that zeolite A strongly prefers lead ions over 
calcium ions (Wiers 1982), with no calcium detected in the zeolite solid after a 24 hour 
contact period. cif+ is also preferred over Ca2+, but to a lesser extent than with Pb2+. 
Overexchange of copper has been observed with zeolite SA, but experimental conditions 
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suggest that precipitation of CU(OH)2 is a likely explanation, particularly since the reaction is 
partly irreversible. 
Even slight differences in zeolite composition may affect heavy metal removal performance. 
Hertzenberg and Sherry (Hertzenberg 1980) obtained higher selectivity for cadmium than in 
previous studies, attributing the discrepancies to differences in the batches of zeolites 
studied. The same study indicated that the selectivity of NaA for Cd2+ is dependent upon the 
co-ion in solution, following the series N03·>CH3COO-::::Cr. When compared with a liquid ion 
exchanger sodium dinonylnapthalenesulfonate (NaDNNS) for the treatment of textile fabric 
effluents, zeolite 4A achieved removal rates of 96, 94, 80 and 77% for zinc, vanadium, 
cadmium and mercury respectively (Sayed 1996). NaDNNS was found to be slightly more 
effective, and more stable under acidic conditions. 
Pre-treated zeolite NaX proved unresponsive to variations in pH between pH 3.0 and 7.0 for 
cobalt removal, as the speciation in solution remained as [Co(H20)st+ throughout the pH 
range (Nava 1995). Similar static tests assessing cadmium removal indicated that removal 
decreased from 3.9 to 3.4 meq Cdlg as the pH decreased from pH 7.0 to 3.0, showing higher 
exchange capacity for cadmium over cobalt. 
Keane (1998) concluded that LiY was more efficient at removing nickel than NaY, KY, RbY 
or CsY, although at metal to zeolite ratios above 0.2 mol dm-3g-1 the zeolite form is 
unimportant. A slight preference for copper ions over nickel ions when in single metal 
solutions is indicated for LiY, KY and CsY, although copper removal exceeded nickel uptake 
by a factor of 1.3 in competitive systems. Lead uptake by NaY is preferred over cadmium by 
a factor of 2 (Ahmed 1998), with cadmium exchange isotherms suggesting that cation siting 
may be important from their sigmoidal nature. Maes and Cremers (1975) suggest that at 
temperatures below 25°C nickel ion exchange in zeolites X and Y is primarily by the sites 
located in the large cages, as the theoretical exchange capacities are not reached. 
The phenomenon of overexchange (Le. uptake in excess of the theoretical exchange 
capacity of the zeolite) has been reported by a number of authors (Ronay 1993, Shibata 
1997), particular for lead exchange. This has been attributed to the formation of metal 
hydroxide clusters within the larger cavities of the zeolite framework. Since overexchange 
can occur even at pH 5.0 with zeolite NaX, the hydroxide clusters must be relatively stable, 
with the extent of overexchange decreasing as the silicon-to-aluminium ratio of the zeolite 
framework is increased (Shibata 1997). 
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(2.8.2) Natural Zeolites 
The composition of natural zeolites can vary widely between each deposit, and even within 
each deposit, so pretreatment or pre-conditioning of natural zeolites is common. Types and 
effects of pre-conditioning are discussed in more detail in the next section, but a widely 
accepted method is to expose the zeolite sample to a strong salt solution to obtain an 
homoionic zeolite form. A natural clinoptilolite pretreated with ammonium chloride with a 
theoretical exchange capacity of 2.31 meq/g was exposed during static tests to lead and 
sodium solutions, with actual exchange capacities of 2.15 meq/g and 2.17 meq/g reached 
respectively (Blanchard 1984). 
Sodium treated chabazite tuff proved more suitable for cadmium uptake than a phillipsite tuff 
when contacted with 0.1 N cadmium solutions (Colella 1995). The phillipsite exchange 
kinetics were much slower than with chabazite and equilibrium was still not reached after 5 
hours. Comparisons between clinoptilolite, mordenite and ferrierite indicated that the former 
showed the greatest potential for lead uptake (Loizidou 1987b). A study of 14 natural zeolite 
samples in comparison with synthetic zeolites found that, in general, for a range of elements, 
the effectiveness follows the sequence erionite > 13X > chabazite> clinoptilolite » 
mordenite '" 3A '" 4A '" 5A (Mondale 1995). This is unexpected on the basis of the high 
theoretical ion exchange capacities of the synthetic zeolites, but pelletised forms were used, 
the implications of which are discussed in the following section. 
Initial metal concentration can affect the level of metal uptake by the zeolite. Ouki (1997) 
suggests that the optimum initial metal concentration for removal using sodium-exchanged 
clinoptilolite and chabazite doses of 5 gil is 10 mgll after comparison with concentrations 
ranging from 1 mgll to 30 mgll of nickel, copper, cadmium, zinc, lead, cobalt and chromium. 
(2.8.3) Effect of Pre-Conditioning 
The heavy metal removal performance of clinoptilolite is now firmly established, and the 
material is now being used by other authors as a benchmark to compare other sorption 
materials against (MatheickaI1996, MatheickaI1997). Curcovic (1997) achieved removal 
rates in excess of 90% from lead solutions of 2.5 mmol 1'1, and between 45-70% from 2.5 
mmol r1 cadmium solutions, depending on the conditioning of the zeolite. Many workers 
have discovered that conditioning the natural zeolite improves removal capabilities 
(Semmens 1988, Semmens 1981, Carland 1995a, Kang 1997), converting the zeolite to a 
more homoionic form by contacting the as-received zeolite with a strong salt solution such as 
sodium hydroxide or sodium chloride. Scanning electron microscope analysiS indicates that 
the structure of the zeolite remains unharmed by conditioning, but the surface structure is 
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altered, defining the crystals more clearly, which Kesraoui-Ouki (1993) associates with 
improved metal removal performance. Kang (1997) notes that contacting natural Korean 
zeolites with sodium hydroxide solution at 103°C can form zeolite Na-P, identifiable by XRD 
analysis. 
Curkovic et al. investigated preconditioning a clinoptilolite with 2 M sodium chloride solution 
at 20°C and 70°C (Curkovic 1997). Pretreatment at higher temperature increases that 
sodium content of the zeolite and subsequent uptake of lead and cadmium is enhanced. 
Semmens determined that pretreatment using bases may impair removal performance if the 
base strength is too great (i.e. 6 N NaOH), and the zeolite particles may be eroded and silica 
and aluminium released (Semmens 1981). Sodium-exchanged clinoptilolite proved more 
suitable than the ammonium form for cadmium removal, as the material could be more 
effectively regenerated without significant depreciation of exchange capacity (Loizidou 
1987a). 
Nickel-exchanged zeolite A treated with the diamine ligands 1 ,2-diaminoethane (en), 1,2-
diaminopropane (pnd) and 1 ,3-diaminopropane (tmd) resulted in the formation of NiA 
products with two types of nickel coordination sites. The initial NiA coordination site remains, 
but an additional site is seen with Ni2+ coordinated by the appropriate diamine ligand (Rajic 
1988). 
Tailoring of zeolites is possible, to introduce new ion exchange and adsorption properties 
that the virgin material is lacking. Li (1997, 1998) modified clinoptilolite with the surfactant 
HDTMA (hexadecyltrimethylammonium) to remove hexavalent chromium from contaminated 
groundwaters, with considerable success. Sorbed chromate could only be desorbed under 
fairly rigorous conditions, using a combination of sodium carbonate and sodium hydroxide. 
Ethylhexadecyldimethylammonium (EHDDMA) and cetyl pyridinium (CETYL) have also been 
used as tailoring agents, with CETYL obtaining superior hexavalent chromium removal 
(Santiago 1992). Treating chabazite and clinoptilolite as well as bentonite and an organo-
clay sample with tetramethylammonium, tetrabutylammonium, butylamine and HDTMA 
(Bouffard 1998) enhanced dehydroabietic acid (DHA) removal from paper mill wastewater, 
successfully removing up to 40mg/l of the contaminant. Dyer et al (Dyer 1987) achieved the 
isomorphous substitution of phosphorus into zeolites X, Y and A at 230°C to create anion 
exchange materials with selectivities for chloride and fluoride ions. 
Natural zeolite samples can contain more than one zeolite type, as well as various detritus, 
and may benefit from physical pretreatment. Wet beneficiation processes can separate 
zeolite samples on the basis of their physical properties (grinding, sizing, gravity 
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concentration and grain classification) to obtain more uniform, homogenous samples 
(Mondale 1988), and improved copper sorption capacity is gained (Mondale 1995). More 
sophisticated flotation processes may also be used to purify erionite samples with high 
gangue (or waste material) contents. 
(2.8.4) Particle Size 
A general correlation is that the smaller the particle size, the faster the ion exchange kinetics, 
since the surface area to volume ratio is higher for smaller diameter particles. If the 
accessible surface area is higher, access to the internal pore structure of the zeolite is easier 
and more rapid, promoting the ion exchange reaction. The uptake of lead at 25!!C increased 
from 1.270 meqlg to 1.312 meqlg as particle size of sodium-treated clinoptilolite was 
decreased from the 1000-2000 J.1m range to below 600 J.1m (Malliou 1994). A corresponding 
increase from 0.980 meqlg to 1.062 meq/g was observed for cadmium. Contact time 
experiments for metal uptake by a sodium treated clinoptilolite verified that smaller grained 
particles removed cadmium and lead more quickly than larger grains by several hours, whilst 
achieving higher total removal (Malliou 1992). 
Despite sharing the same Si:AI ratio and chemical composition, zeolite MAP (or maximum 
alumina P) showed a much higher selectivity for calcium than zeolite A (Adams 1997). In 
contrast, a study comparing MAP (1.8 J.1m) and two sizes of zeolite A (3.4 J.1m, 9.2 J.1m) 
determined that at low calcium concentration zeolite A is more selective for calcium ions than 
MAP (Borgstedt 1997). The smaller zeolite A particles were found to remove calcium more 
rapidly within the first 15 minutes of contact than zeolite MAP, and the increased selectivity is 
attributed to the comparatively open framework topology of zeolite A and more accessible 
exchange sites. The larger zeolite A fraction proved the least efficient at removing calcium 
ions from solution. 
Particle size is also critical from an operational viewpoint. In terms of wastewater 
engineering. the ideal application for an ion exchanger is within a column operation or filter 
bed. as this technology is well recognised and relatively simple to operate. Natural zeolites 
can be procured as a granular medium (in the millimetre range). but most synthetic zeolites 
are fine powders, with diameters below 5 J.1m. It is possible to bind the zeolites into a 
pelletised form, but care must be taken to choose the right binder. A binder must enhance 
the mechanical stability of the product. and may itself possess adsorption characteristics. 
Kaolinite, attapulgite and bentonite are considered suitable binders in terms of attrition 
resistance and fired strength (Waterman 1985). The binder dose is also critical. since 
increasing kaolinite content from 10% to 25% causes a severe reduction in copper exchange 
capacity from 25.4 meq/100 g to 14.7 meqlg. Binding with lignosulfonate was found to 
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enhance the removal performance for lead and other heavy metals by chabazite and 
clinoptilolite fines (Groffman 1992). This could be due to hydrogen bonding of lead to the 
carbon surface of the zeolite pellets, and possibly improved diffusional characteristics. 
Pelletising, by its nature, reduces the accessibility of internal pore structure of the zeolite 
from the particle surface, but care must be taken not to exacerbate this effect as some 
synthetic zeolite pellets can have hard shells that may limit ion exchange (Carland 1995b, 
Waterman 1985). Aiello et al. have developed self-bonded phillipsite pellets under high 
pressures from Neapolitan yellow tuff with improved attrition resistance and which display 
exchange capacities for ammonium of 2.64 meq/g in comparison with 2.20 meq/g for the 
zeolite grains (Aiello 1983). 
The UOP Sorbex process (developed in 1964) can be modified to use zeolite pellets within a 
simulated moving bed for a range of separation processes (Johnson 1989). Sorbex 
technology is very flexible, with a total product capacity in excess of 8 million tons/year in 
1989 for the separations of aromatic compounds, hydrocarbons, cymene and cresol isomers 
and fructose. 
The manufacture of zeolite membranes may be a more appropriate application as the 
membranes could then be used either as an effluent treatment process (membrane filtration) 
or incorporated within containment systems such as landfill liners and barrier systems. 
Operational parameters are critical, and factors such as temperature, pressure and 
composition must be carefully considered (van de Graaf 1999). Another process 
modification so that zeolite fines can be used is the incorporation of a dissolved air flotation 
step with iron hydroxide as a flocculation aid (Rubio 1997). Copper removals in excess of 
98% were obtained, with resultant turbidities of 1 NTU. 
(2.8.5) Competing Ions and Complexing Agents 
Much of the work to date on ion exchange with zeolites has focused on synthetic solutions 
containing only the ions to be studied and deionised water. In practice, any contaminated 
effluent to be treated will contain a cocktail of elements, many of which could be preferred 
over the contaminant ions of concern. If zeolites are to be adopted as an accepted pollution 
control technOlogy, it is necessary to fully understand their performance in real situations. 
Many zeolites are highly selective for calcium and magnesium ions, and in the context of 
metal effluent treatment, the zeolite used must selectively exchange the heavy metals in 
preference to these ions, providing a suitable actual exchange capacity without filling the 
available capacity with competing ions (see Figure 2.7). 
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Fig 2.7: The effect of competing ions on heavy metal removal 
(a) Completely 
exchanged 
Unexposed zeolite 
(b) Partly 
exchanged 
(c) Competing 
ions present 
In the context of wastewater treatment, the greater the negative impact of competing cations 
on removal performance, the larger the zeolite dose required to treat the effluent to the 
required standard. If the proposed application is waste disposal, then it must be ensured 
that environmentally abundant ions could not cause the heavy metals (or even 
radioisotopes) to be desorbed and released. In the case of material recovery and 
regeneration, ions that could promote desorption must be identified. 
Some workers have simulated the effect of competing ions in laboratory scale studies. The 
equilibrium exchange capacity reached by zeolite 4A for cadmium eXChange falls from 280 
mg Cd2+/g zeolite to 200 mglg if a concentration of 4000 mgldm3 of sodium is present 
(Biskup 1998). Assenov determines that the selectivity sequence for the simultaneous 
sorption of metals on sodium-treated clinoptilolite is Pb2+>Cd2+>Zn2+>Cu2+ (Assenov 1988). 
This is largely in agreement with Ouki's findings Pb2+> Cu2+>Cd2+>Zn2+>Cr3+>C02+>Ni2+ 
(Ouki 1997), although the selectivity for copper has increased. This could be due to the 
different clinoptilolite samples used and variation in sorption experiment protocol. A 
screening study of nine natural sedimentary zeolites (chabazite, clinoptilolite, erionite and 
mordenite) for heavy metal removal from mine waters determined a general selectivity 
sequence of K+»Cu2+»Ca2+>Mg2+>C02+, indicating than significant quantities of those 
"competing" cations could significantly inhibit metal uptake (Carland 1995b). 
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The degree of inhibition caused by each interfering element will depend upon the selectivity 
sequence of the specific zeolite, and the composition of the wastewater to be treated. It 
must be noted that a given concentration of a competing ion will not inhibit uptake of other 
ions by the same amount. Column tests performed using a chabazite tuff indicated that 
relatively low concentrations of interfering cations (100 mg/I Na) can severely inhibit 
cadmium uptake (Colella 1995). Lead appears to be less influenced by the presence of 
competing ions, and no reduction in removal was observed for a range of natural zeolites 
despite significant levels of sodium and calcium (1500 mg/I)(Zamzow 1992). In comparison, 
only 44 mgll of calcium was needed before nickel uptake was inhibited. A summary of the 
effect of competing ions is presented in Table 2.4. 
Perhaps a more appropriate quantification is the treatment of an actual effluent, although 
supporting work is required to provide insight into the removal mechanisms involved. Tahir 
assessed the potential application of zeolite 3A (potassium exchanged) for the remediation 
of tannery wastes (Tahir 1998). Chromium removals in excess of 90% were achieved at pH 
levels as low as pH 2.0. It seems unusual that considerable zeolite dissolution should not 
have occurred, despite the higher acid stability of zeolite 3A in comparison to 4A, but 
substantial zeolite doses were used (0.5 gil), and the zeolite samples were activated at 
500°C prior to use. Treatment of a plating effluent containing significant levels of alkali metal 
ions (Ca, Mg, Na> 10 mgll) and iron and a total dissolved solids concentration of 11,000 mgll 
was successfully remediated to below the USEPA legislative limit by a two stage treatment 
process of precipitation with lime or caustic and a zeolite polishing step (Hertzenberg 1983). 
Zeolites in water may contain substantial quantities of carbonate ions as atmospheric carbon 
dioxide may dissolve into alkaline solutions and subsequently hydrolyse into carbonates 
(Harjula 1993a). The position of carbonates within the selectivity sequences for these 
zeolites must then be considered. 
The presence of complexing agents may hinder metal uptake if large metal complexes are 
formed which cannot enter the zeolite pore structure. Garcia et al (1996) discovered that 
cobalt removal by zeolite 4A was enhanced by the addition of ethylenediamine as a cobalt 
complex was formed within the zeolite cages, sufficiently small enough in dimensions not to 
be excluded. However, complexing agent addition under acidic conditions increases the 
acid consumption by zeolite 4A (Cook 1982). The insoluble aluminium in the degradation 
products from zeolite hydrolysis can be resolubilized as a result. 
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Table 2.4: Effect of Competing Ions 
Reference Zeolite Treated 
Ouki Chabazite Sodium 
1997 chloride 
Clinoptilo-
lite 
Zamzow Clinoptilo- No 
1992 lite 
~. 
Batchl Metal , 
Column? .. 
Batch Pb'" 10 mgtl 
Zn'" INi'" ICd"- ICo"- I 
C(+ 10 mgll 
Cu"+ 10mg/1 
Pb"- 10 mgtl 
Zn"+ INi"+ ICdH ICo"+ 
10 mgll 
Cu"+ 10mg/1 
Cr'- 10 mgtl 
Column Cd"+ 1 0 mg/I 
Cu"+ 10 mgtl 
NiH 10 mg/I 
Competing Ion Impact .. 
L. JI "_ 
. . 
. 
Cai!+ 11,000 mgtl 40% reduction in removal 
Reduced to 0% removal 
90% reduction in removal 
5% reduction in removal 
Reduced to 0% removal 
80% reduction in removal 
70% reduction in removal 
Na+ 450 mgtl Observed decrease in removal seen at 
Ca2+ 93 mgtl these concentrations of competing ions 
NH/ 300 mgtl 
Na+ 940 mgtl 
Ca2+ 310 mgtl 
NH/ 320 mg/I 
Na+ 210 mgtl 
Ca2+ 44 mgtl 
NH4+ 130 mgtl 
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Table 2.4 (continued) 
Reference Zeolite 
Zamzow Clinoptilo-
1992 lite 
Colella Chabazite 
1995 
Hertzen NaA 
-berg 
1983 
Treated Batchl Metal .,J-O;";: 
j 'll 
Column? j 
No Column Pb"T10 mgll 
Zn'" 10 mgll 
Sodium Column Ccr+ 100 mglJ 
nitrate 
No Batch Pb'" 10 mglJ 
Cd«+ 1 0 mgll 
Ni"+ 10 mgll 
Cu<!+ 10 mgll 
Competing Ion Impact ~ ~ 
( , 
~ 
Na+ >1500 mgll Observed decrease in removal seen at 
Ca2+ > 1500 mglJ these concentrations of competing ions 
NH/ 300 mgll 
Na 710 mgll 
Ca2+ 62 mgll 
NH/ 220 mgll 
Na+ 100 mgll 0.92 meq/g decrease in actual exchange 
capacity 
Na+ 150 mgll 0.98 meq/g decrease in actual exchange 
capacity 
Na 500 mgll 1.38 meq/g decrease in actual exchange 
capacity 
Na 100 mgll None 
Na+ 500mgll 
NaT 100 mgll None 
Na 500mgll 
NaT 100 mgll Decrease in removal of 17% after 10 
Na 500mgll minutes and 3% after 60 minutes 
Na+100 mgll None 
NaT 500mgll 
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(2.8.6) Materials Recovery and Regeneration 
Exposing the framework to highly preferred ions to promote another ion exchange reaction 
can regenerate a loaded zeolite, usually by elution with a strong salt solution. This then 
allows the zeolite to be reused if the new zeolite form is suitable. Additionally, the eluted 
material will be in a concentrated form, which could be reused. The ability for regeneration 
of each Zeolite will depend upon the affinity for the loaded ion. Regeneration of the sodium 
from clinoptilolite loaded with copper by sodium chloride recovered 90-97% of the copper 
(Kesraoui-Ouki 1994). Loizidou (1992) discovered that regeneration could enhance the 
removal capacity of natural zeolites after a number of exchange cycles. Zamzow (1995) 
investigated sodium, potassium, calcium and magnesium chloride solutions as regenerants 
for phillipsite following the treatment of acid mine drainage. NaCI and CaCb proved the most 
effective, whilst MgCb and KCI were less efficient. An earlier study by the same author 
(Zamzow 1992) reports that whilst NaCI solution is suitable for the elution of divalent 
cadmium, copper, cobalt, nickel and zinc, trivalent chromium cannot be displaced. 
Clinoptilolite columns can be successfully regenerated with concentrated sodium chloride 
solution (20-25 gil) at a flow rate of 10 bed volumeslh at an optimum pH of pH 4.0-4.5 
(Blanchard 1984). A study of regeneration agents placed them in the following series of 
effectiveness: K+>Na+~Ca2+»Mg2+ (Carland 1995b, Carland 1988). Whilst hydrochloric acid 
could be used as a regenerant solution, the acid stability of the zeolite would need to be 
considered, and the subsequent relatively dilute acid concentrations (and high volumes) 
required may not be feasible. 
Carland (Carland 1995a) found that amount of copper eluted of a Castle Creek clinoptilolite 
could be improved by 25% by elution with a 5 molll NaCI solution rather than 1 molll, with 
similar results obtained for an erionite and mordenite. It was also noted that the subsequent 
exchange capacity of five zeolite samples for copper were enhanced by up to 400%. 
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Chapter 3 
•
•••• __ r~.-
',". 
Experimental Programme 
(3.1) Introduction 
This chapter addresses the details of the experimental programme used throughout the 
study, describing the materials used and the method development of batch equilibrium tests 
performed. Brief descriptions on the nature of zeolites used are given in section 3.2, whilst 
the methods of zeolite characterisation are discussed in more details in the next chapter. 
(3.2) Materials Used 
(3.2.1) Zeocros CA 150 
Zeocros CA 150 is a synthetic sodium-exchanged zeolite A, manufactured by Crosfield Ltd at 
their plant in Warrington in the North West of England. Following X-ray fluorescence 
analysis (XRF) (discussed in Section 4.2), it is possible to calculate the following oxide 
composition: 
(3.1) 
This correlates well with the typical oxide formulae found in the literature: 
(3.2) 
Breck (1974) 
There is a slight contamination of the sample with magnesium, most likely introduced during 
the manufacture of the material. 
Two types of zeolite cage are reported to be present within the zeolite structure: a and ~ 
cages. The first, the a cage, has a hydrated free aperture of 4.2 A. The latter type, the ~ 
cage, has a hydrated free aperture of 2.2 A (Breck 1974). After comparison with mercury 
intrusion porosimetry data (Section 4.6), it seems likely that the two distinct types of pores 
seen from the intrusion curves correspond to these cages. 
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(3.2.2) Zeocros CG180 
Zeocros CG180 is also manufactured by Crosfield Ltd, but whilst sharing the same chemical 
composition as zeolite 4A, it has a distinctly different topology and framework structure. It is 
a synthetic sodium-form of maximum alumina zeolite P (MAP), with a gismondine structure. 
The following oxide composition can be derived from the XRF analysis: 
(3.3) 
Studies in the literature performed upon the same zeolite report the following unit cell 
composition: 
Sh.e Ala.1 Naa.1 0 16 • 14.3 H20. 0.3 NaOH (3.4) 
(Adams 1997) 
The excess NaOH in the composition is most likely to be related to the washing of the zeolite 
sample. Manipulating the compositional formula obtained from this study allows a more 
direct comparison to be made between the two samples. 
Sla.1 Ala.1 Naa.12 0 32.43 MgO.02 .8.6 H20 (3.5) 
The zeolite sample studied has a similar silicon-to-aluminium ratio to the sample in the 
literature, although the oxygen content is much higher and the water content lower. Trace 
levels of magnesium are also present, as indicated for Zeocros CA 150. 
(3.2.3) Cllnoptllollte 
The natural clinoptilolite sample tested was mined from the Ash Meadows deposit near 
Death Valley (USA) by the Anaconda Copper Company. The deposit lies across the 
Nevada/California border, and was purchased in 1986 by East-West Minerals. The sample 
is from the batch coded 101 OA, and was provided by Professor Alan Dyer via Crosfield Ltd. 
The particle size distribution of the original sample was such that 50% of the particles had a 
diameter of 270 J.UT1 or less. As this was two orders of magnitude larger than the synthetic 
zeolite samples, a natural zeolite sample was milled in a mill cyclone located within the 
zeolite manufacturing plant at Crosfield Ltd to reduce the particle size. 
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All ion exchange tests were performed on the cyclone chamber fraction of the milled 
clinoptilolite. As extensive testing in the literature (Carland 1995a, Curcovic 1997, Semmens 
1981, Semmens 1988, Kang 1997) has proved that pre-treating natural zeolites enhances 
heavy metal uptake, the clinoptilolite sample was subjected to a conditioning regime to 
convert the sample into a more homoionic form. The zeolite was exposed to 1 N NaCI 
solution at a dosage of 10 gil and shaken for 24 hours. The zeolite solids were separated 
from the sodium chloride solution by centrifugation (2000 rpm) and excess NaCI removed by 
washing with deionised water, forming a zeolite slurry which oven dried at 3()QC overnight to 
leave a zeolite powder. The conditioned clinoptilolite powders were then treated in an 
identical manner to the synthetiC zeolite samples. 
Following XRF analysis of the conditioned and unconditioned clinoptilolite samples, the 
following chemical compositions can be determined: 
Unconditioned clinoptilolite 
(Na20)O.51(K20)O.ae(CaO)O.I.,(MgO)O.lo(Fe203)O.OI(TI02)O.OI(AI203)I.o(SI02),0.17.6.6H20 
(3.6) 
Conditioned clinoptilolite 
(Na20)O.7g(K20)O.I.,(CaO)o.oe(MgO)o.OS<Fe203)O.04(TIO~o.OI (AI20 3),.o(SI02),0.,2. 7.1 H20 
(3.7) 
(3.2.4) Chemical Reagents 
All chemical reagents used within the study were of AnalaR grade to minimise sample 
contamination and supplied by BOH (Poole) or Fisher Chemicals (Loughborough). An Elga 
Option 3A unit was used to process all deionised water used within the ion exchange 
experiments, and for washing and soaking equipment. This produces water of laboratory 
grade 2 (14 mO conductivity), suitable for inductively coupled plasma atomic emission 
spectrometry and atomic absorption spectroscopy analysis. 
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(3.3) Method Development of Batch Equilibrium Experiments 
(3.3.1) Introduction 
The objective of the experimental study was to evaluate the adsorption/ion exchange 
performance of the two synthetic zeolite materials, Zeocros CA 150 and Zeocros CG 180, with 
respect to the removal of lead, copper, cadmium, zinc and nickel. It was necessary to 
develop a standard test procedure that could be easily adapted to investigate the effect of 
varying each parameter (contact time, pH, heavy metal concentration and zeolite dosage) 
systematically. The factors considered in the development of the generic batch equilibrium 
test procedure are discussed in turn in the sections 3.3.2 to 3.3.10, whilst the resultant 
standard procedure is detailed in section 3.4. 
(3.3.2) Zeolite Hydration 
In all experiments it was initially important to guarantee that the zeolites were uniformly 
hydrated or dehydrated, so as to ensure that the same quantity of zeolite (on a dry weight 
basis) was applied during each test. It was decided that fully hydrating the zeolites would 
provide the most uniform material, since determining the level at which different zeolites 
were dehydrated could be complicated due to varying affinities for the zeolitic water as the 
temperature is increased. The zeolites were stored in a modified vacuum dessicator, over a 
dish of saturated potassium chloride solution. This created a high humidity environment 
(approximately 85% relatively humidity) in which the zeolites were stored for at least 96 
hours to fully hydrate the zeolite samples. All samples were spread in thin beds of a few 
centimetres to aid saturation. Samples not stored within the hydrators were stored in sealed, 
acid-soaked, airtight plastiC boxes. Small batches of zeolites were hydrated at a time so that 
long-term storage of fully hydrated zeolite was not required. 
(3.3.3) Moisture Content 
Determination of the moisture content of the hydrated zeolites was necessary so that zeolite 
dosages could be administered on a dry weight basis. This was done according to a 
standard operating procedure developed by Crosfield Ltd (Crosfield 1997). Zeolite samples 
(0.5 ± 0.1 g) were heated in a muffle furnace to 9001lC. The samples were maintained at 
90()l!C for two hours placed into a dessicator to cool. This must be done in a moisture-free 
environment to prevent the zeolite sample from reabsorbing atmospheric moisture. After the 
cooling, the sample was reweighed and the total volatile matter (TVM) of the zeolites 
determined from equation 3.8. 
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TVM (%) = [Weight loss of sample after heating I Initial sample weight] x 100% (3.8) 
The dosage of the fully hydrated zeolite could then be increased accordingly to ensure a 
specified dosage was on a dry weight basis. 
(3.3.4) Benchmarking 
It is difficult to compare the results from this study with those found in the literature as no 
standard method has been developed for this type of testing. Whilst the evaluation of the 
synthetic zeolites within this study is fairly comprehensive, the test procedure developed 
varies from the wide range of experimental conditions adopted elsewhere. One of the 
Simplest methods of gauging the performance of the materials studied was to study a well-
researched zeolite under the same experimental conditions to provide a "benchmark". Since 
the heavy metal removal capabilities of clinoptilolite have been widely researched, a sample 
was obtained for comparison purposes. 
(3.3.5) Zeolite Conditioning 
A uniform starting material was required for each adsorption test, to guarantee that constant 
test conditions were adopted. The nature of the synthetic zeolites precluded a pre-
conditioning step, as the manufacturing process should ensure homogeneous materials. 
Pretreatment of the synthetic zeolites was also judged undesirable since the performance of 
the virgin materials was to be evaluated in order to assess their feasibility for full scale 
environmental control applications. However the heterogeneity of the natural zeolite 
necessitated pretreatment to increase its homoionic nature and enhance removal 
performances. Since much of the previous VIIOrk on natural zeolite samples has incorporated 
a conditioning stage, it was felt that a similar process should be observed to allow 
comparison with values found in the literature. The conditioning procedure followed was 
diSCUssed in more detail in section 3.2.3. 
(3.3.6) Batch Testing 
Ion exchange experiments can be conducted either on a batch equilibrium basis or as a 
column operation. Whilst column tests can imitate practical applications such as filter bed or 
exchange columns, there are limitations to their use. The small particle size of the synthetic 
zeolites prevents sufficient throughput of flow through columns, as the zeolite powders 
compact and cause blockage. It is also possible that the effluent may take the path of least 
resistance along the column walls rather than passing through the zeolite material. If flow is 
possible, the zeolite fines are washed out with the column discharge, and such a loss of 
materials is not VIIOrkable. 
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It may be possible to synthesise the zeolites in a more convenient format than a powder to 
allow easier application in practice (e.g. incorporation within a membrane or geotextile). 
However, the features of such products would clearly be specific to the application, and 
requirements would vary accordingly. Batch tests were seen as the best method of 
evaluating the capabilities of the zeolite materials, providing comparable results that could be 
extrapolated to assess the feasibility of various practical applications. Whilst practical 
considerations must be appreciated, methods of making the materials more "user friendly" 
are the next step after identifying the potential of the materials. 
(3.3.7) Methods of pH correction 
Both synthetic zeolites were found to produce a rise in pH upon addition to deionised water. 
The extent of the increase in alkalinity was dependent upon the dosage of the zeolite. Even 
at dosages as low as 50 mgll an increase of approximately 3 pH units was observed. 
Dosages of 10 gil of both types of zeolite induced pH levels in excess of pH 10. Under such 
alkaline pH conditions, it was predicted that precipitation might prove a dominant removal 
mechanism rather than an ion exchange or adsorption process. An additional stage to 
adjust the test pH levels was suggested, and a preliminary study was designed to determine 
the effectiveness of two adjustment procedures. The first procedure considered the addition 
of the zeolite to a heavy metal solution of the required concentration and subsequently 
adjusting the pH to the same level as that of the metal control solution. The second 
evaluated the preparation of a zeolite slurry with deionised water, which was subsequently 
adjusted to pH 6.0 and a concentrated heavy metal dose added to the required initial 
concentration. 
A zeolite dosage of 1.0 ± 0.01 g of adsorbent was added to 100 ml of 10 mgll single metal 
solution (lead, copper, cadmium, nickel and zinc), prepared from concentrated 2000 mgtl 
metal stock solutions. Each sample was prepared in duplicate, with control samples of metal 
solution alone prepared. The first series were not pH corrected and the second corrected to 
the pH of the metal control sample using concentrated nitric acid. The third series adjusted 
the pH of a zeolite slurry prepared by adding 1.0 g of adsorbent to 99.5 ml of deionised 
water, then altering to pH 6.0 using concentrated nitric acid and magnetic agitators. All 
samples were shaken using mechanical shakers for 4 hours at 500 osc/min. The zeolite 
phase and the metal solution were separated by centrifugation, for 30 minutes at 2000 rpm. 
The pH of each sample was determined before and after shaking. The clarified supernatant 
was then pipetted off and stored before sample preparation for ICP-AES analysis (as 
discussed in section 3.5). 
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The results obtained from the pH adjustment evaluation study are presented in Table 3.1, 
presented as average percentage removals achieved from solution. These removals are 
calculated using equation 3.9. 
Removal achieved (0/0) = [CCo - C.) I Co] x 100% (3.9) 
Co represents the initial concentration of heavy metal in solution (in mgll or meq/I), and Cs 
the residual concentration after ion exchange and phase separation (in mgll or meq/I). 
Comparing both of the systems studied, adjusting the pH of the zeolite slurry to pH 6.0 
produced the highest removal rates from solution. It should be noted that the zeolite 
dosages used provided a large excess of ion exchange capacity to the heavy metals in 
solution, resulting in almost complete removals for all the metals studied. The removals 
achieved, however, were the not the only influencing factors on the selection of adjustment 
method. If no pH correction procedure is adopted, interpreting the results obtained is almost 
impossible, since the mechanisms of precipitation and ion exchange differ when parameters 
such as pH are altered. If the pH of the zeolite slurry is not adjusted before heavy metals are 
introduced into the system, the metals can possibly form metal hydroxides and precipitate. 
Whilst some ion exchange may occur due to the rapid kinetics of the reaction, determining 
the degree of precipitation versus ion exchange is almost impossible. By adjusting the pH 
before the heavy metals are introduced, the precipitation of the metals should be minimised 
and ion exchange should be the dominant removal mechanism. 
Table 3.1: Comparison of two potential pH adjustment methods 
Average Removal (%) 
Zeolite Metal No pH Adjustment of pH Adjustment of pH 
Adjustment to pH of Control of Zeolite Slurry 
Pb 99 100 98 
Zeocros Ni 100 17 100 
CA150 Cu 100 100 100 
Cd 68 85 99 
Zn n 84 99 
Pb 99 100 98 
Zeocros Ni 100 94 100 
CG180 Cu 100 67 100 
Cd 61 60 99 
Zn 70 84 81 
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Establishing the pH to which the slurry should be lowered was slightly more complicated 
than expected, given the nature of the synthetic zeolites. The low silicon-to-aluminium ratio 
(1 :1) of Zeocros CA150 and Zeocros CG180 means that the tlNO materials have low acid 
stability and, as discussed in the previous chapter, even mildly acidic environments can 
cause dealumination and dissolution of the zeolites. Adjusting the slurry to pH 6 was a 
compromise, as the structural integrity of the zeolite was expected to be maintained whilst 
the solubility of heavy metal hydroxides is low (see Figure 3.1). Correcting the pH to the 
level of the control metal solution (with no zeolite addition) was problematic since this was 
usually below pH 5.0, and zeolite dissolution was antiCipated at these pH levels. The high 
zeolite doses applied in the preliminary study (10 gil) did not demonstrate significant 
hydrolysis effects as the excess ion exchange capacity present outweighs the loss of 
capacity due to hydrolysis. They were anticipated at lower zeolite doses a lower zeolite 
excess is used. 
Implications of the pH adjustment method selected must be considered. Altering the pH of a 
zeolite slurry to pH 6.0 may result in some proton exchange in the zeolite structure, 
converting Zeocros CA 150 and Zeocros CG 180 from their natural sodium forms to hydrogen 
ones. This will result in localised low pH levels and the release of sodium ions into solution, 
but may also induce zeolite hydrolysis, as proton eXChange is a precursor to zeolite 
dissolution. It is recognised however; that in order to ensure that heavy metal precipitation 
does not predominate such an adjustment procedure is required. 
(3.3.8) Zeolite Dosage 
Addition of large zeolite doses can cause problems in sustaining lower pH levels, as they 
have such high buffering capacities. It is easier to maintain a slurry pH of 6.0 at lower doses, 
and a screening study was made to identify a suitable dosage. The selection of zeolite 
dosage was critical, as an excessive zeolite dose lNOuld not permit determination of the 
effects of the parameters evaluated. Complete removal is likely to occur for most of the 
heavy metals studied. An inadequate zeolite dose, however, will over-challenge the 
materials and not provide a true reflection of the capabilities of the materials. 
Zeolite doses of between 0.005 g and 0.5 g were applied to 100 ml of 10 mglilead solution 
and the standard adsorption test procedure detailed in section 3.4 was applied. Analysis of 
the metal solutions was performed ICP-AES as discussed in section 3.5. The results of 
dosage tests are presented in Table 3.2, calculated using equation 3.9. At the lowest 
dosage Zeocros CA 150 still removed in excess of 99% of the lead present, but Zeocros 
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Figure 3.1: Solubilities of metal hydroxides as a function of pH (Conner 1990) 
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Table 3.2: Results of zeolite dosage screening study 
Removal (%) 
Dosage Zeocros CA 150 Zeocros CG180 
(g /100 ml) 
0.005 >99 67 
0.01 93 >99 
0.05 >99 >99 
0.1 >99 >99 
0.5 >99 >99 
CG180 removed only 67%. As doses increased, removal was between 99% and 100%. A 
zeolite dose of 5 mg / 100 ml was selected as the most appropriate, as sensitivity to 
experimental conditions would be detectable, and lower doses would present problems, as 
weighing errors would be significant. 
(3.3.9) Heavy Metal Concentration 
It was necessary to select a constant initial heavy metal concentration for all the 
investigations apart from the concentration and dosage study discussed in Chapter 7. The 
preliminary screening studies assessed 10 mgll solutions, but using concentrations in terms 
of mgll is not satisfactory for ion exchange studies. A constant concentration in mgll does 
not reflect the number of ions present in the solution, as this is a function of the atomic 
weight of the element concerned. Later studies worked in milliequivalents per litre to 
maintain equality, and the conversion equations are given below: 
meq/I=mg%w (3.10) 
where EW represents the equivalent weight of the element (in g)and is calculated from 
equation 3.11 . 
EW = A o/valence (3.11) 
The atomic weight of the element (in g) concerned is denoted by AW. 
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It was decided that it would be most appropriate to work at some fixed ratio of excess of 
exchange capacity of the zeolites to the heavy metal, to ensure that the material was 
capable of removing the metal but simultaneously avoiding the massive overdosage seen in 
earlier studies. The true theoretical capacity is determined from aluminium content of the 
zeolites, assuming all aluminium in the framework is present as framework T atoms. The 
sodium content of the zeolites also reflects the exchange capacity of the zeolites, and this 
was the parameter used within this study, since the aluminium data was not available at the 
time of undertaking this study and the ratio Na:AI is close to 1:1 for both Zeocros CA 150 and 
CG180. To some extent, the choice of whichever exchange capacity measurement is 
subjective, since it merely represents a constant ratio of metal loading to zeolite content, 
which remains fixed throughout all the studies. 
The choice of metal loading ratio was subjective, with 4:1 (theoretical sodium content: heavy 
metal ion) suggested as initial trial. It must be emphasised that whatever ratio was selected, 
it must be able to cope with not only single and mixed metal solutions but also with the 
addition of hardness which would increase the total ion concentration significantly. An initial 
screening indicated that this ratio was suitable, with uptake of the heavy metals still occurring 
with substantial quantities of hardness ions present. 
(3.3.10) Phase Separation 
Since the zeolite powders are so fine (sub 5 ~), phase separation by Simple filtration or 
gravity settlement was not possible, particularly since phase separation needed to be as 
rapid as possible to avoid significant increases in contact time. Vacuum filtration with small 
mesh filters would be feasible, but the high throughput of samples in a day meant that 
processing would be too time consuming and unequal contact times between the zeolite 
solids and metal solutions would result. Cross-contamination of samples would also have 
occurred since only a limited number of Buchner filters were available and acid-soaking 
between samples would be impossible. 
Centrifugation was used since batches of four samples could be processed simultaneously, 
and no cross-contamination would occur since samples were placed in disposable 
containers and isolated. A centrifugation speed of 2000 rpm for a period of 30 minutes was 
sufficient to separate the zeolite solid from the liquid phase, although it was difficult to assess 
whether the centrifugation process was efficient except by eye. The nature of zeolite 
reactions when placed in contact with water meant that some aluminium, silicon and co-ions 
will be released. This release may either be due to proton exchange and/or zeolite 
dissolution or hydronium exchange, depending upon the contact pH. This means that 
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analysis of the supernatant phase may well indicate the presence of some of these 
elements, despite the complete zeolite solid removal. Studies made by ICP-AES did not 
detect Significant concentrations of these elements at neutral pH, suggesting that the 
centrifugation process was satisfactory. Later studies with heavy metal solutions where 
100% removal occurred also indicate that complete phase separation was achieved. 
Harjula observed an apparent selectivity decrease when looking at the uptake of trace levels 
of calcium and magnesium by zeolites X and Y and attributed it to the release of colloidal 
aluminosilicate particles after hydronium exchange (Harjula 1993c). Centrifugation or 
filtration will not remove these small particles (below 15nm in size), and subsequent analysis 
may detect them and other metal ions that may have sorbed to them. At this size, it is not 
possible to remove these particles from solution without substantial proceSSing, but their 
possible presence should be considered when interpreting results obtained from later 
studies. 
(3.4) Batch Equilibrium Test Procedure 
(3.4.1) Procedure 
The previous sections have discussed the key factors to be considered when performing ion 
exchange studies with zeolites and heavy metal solutions. The objective was to develop a 
standard batch equilibrium test procedure that could be modified to examine the effect of a 
single parameter (such as contact time or pH) at a time. Details of the relevant modifications 
will be given in each of the following chapters, but a schematiC of the standard procedure is 
given in Figure 3.2. A detailed description of batch equilibrium test procedure and the 
equipment used is outlined below. 
Experiments were performed in batches of eight, with each zeolite slurry prepared 
individually to minimise the possibility of cross-contamination of samples. Each experimental 
condition was prepared in duplicate, with higher numbers of replicate samples prepared if 
differences in heavy metal removal excess of approximately 10% were detected between 
duplicate samples. All experiments were performed at room temperature. The only 
exception to this were the samples prepared for the screening study into the effect of varying 
the temperature, where samples were shaken in a thermostatic bath at temperatures of 
15"C, 22"C and 3Q11C. 
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Figure 3.2: Schematic of the batch equilibrium test procedure 
pH measurement 
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Stage 1: Zeolite dosage 
A fixed dose of zeolite (usually 10 mg to 200 ml of solution, as determined in section 3.3.8) 
was weighed using a Mettler PB303 precision balance and added to a wide-necked acid 
soaked 250 ml polypropylene bottle. 
Stage 2: Delonlsed water addition 
A fixed volume of deionised water was added to the zeolite to form a zeolite slurry and the 
pH recorded. The volume of deionised water used was calculated using equation 3.11 . 
(3.11) 
Where Vw represents the volume of deionised water required (in ml), VT the total volume of 
sample required (in ml) and VM the volume of metal stock solution required (in ml), calculated 
from equation 3.12. 
VM = (C I CMl X VT (3.12) 
C represents the heavy metal concentration required (in mgtl) and CM the concentration of 
the heavy metal sock solution (in mgtl) (see stage 4 of the experimental procedure). 
Stage 3: pH adjustment 
The pH levels of all the zeolite-deionised water slurries were adjusted to pH 6.01 to prevent 
heavy metal precipitation at later stages of the experimental procedure. The slurry was 
gently agitated using a magnetic stirrer, and the pH of the slurry adjusted to pH 6.0 with nitric 
acid. Varying concentrations of nitric acid were used (0.1 %, 1 %, 10% v/v) in order that the 
pH could be adjusted with the minimum addition of acid to avoid significantly altering the 
initial volume of deionised water Vw), and to allow a more controlled adjustment. It is easier 
to maintain a more constant pH level with lower zeolite doses, with a gradual addition of 
nitric acid to reach pH 6.0 in stages. Adding one drop of concentrated acid causes a swift 
drop to about pH 2 and zeolite destruction. In order to maintain the structural integrity of the 
zeolite, it was attempted to avoid dropping the pH below the desired one. All pH 
measurements were made using a Corning 415 analogue pH meter with a Mettler Toledo 
407 pH electrode. 
Stage 4: Heavy metal solution addition 
A specified dose of concentrated heavy metal stock solution (VM) (in ml) was added to the 
corrected zeolite slurry to give the intended initial metal concentration. In single metal 
1 With the exception of the study into the effect of pH (Chapter 6). where zeolite slurries were corrected to pH levels 
between pH 4.0 and pH 8.0 as required 
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studies, the initial heavy metal concentration was fixed at a ratio of 1: 0.25 of sodium ions in 
the zeolite to heavy metal ions in solution for most experimental conditions. If a dosage of 5 
mg of zeolite per 100 ml of solution was applied, an initial heavy metal concentration of 
0.088 meq/I was required. In mixed metal studies, the concentration of each individual 
heavy metal was 20% of the single metal study concentration. 
All stock solutions were prepared from metal nitrate salts (Fisher Chemicals, Loughborough) 
to a concentration (CM) (in mgtl) that would permit VM to be fixed at 1 ml to be used to 
produce the required initial metal concentration for the single metal tests2• In mixed metal 
tests VM was fixed at 200 Ill. Stock solutions of concentration CM (in mgtl) were prepared by 
adding a mass off metal nitrate salt (MM) (in mg) to 11 of deionised water. The mass of metal 
nitrate salt required was calculated from equation 3.13. 
MM = (MW/AW) X CM (3.13) 
MW and AW represent the molecular weight of the metal nitrate salt and AW the atomic 
weight of the metal respectively. The dose of stock solution, VM was added to each 
polypropylene bottle and the pH of the zeolite/heavy metal solution measured and recorded. 
Stage 5: Sample shaking 
Samples shaken for 2 hours at 500 osc/min on a Stuart Scientific mechanical shaker3. The 
pH of all samples was recorded after shaking. 
Stage 6: Centrifugation 
Samples from all studies excluding the effect of contact time were centrifuged for 30 minutes 
at 2000 rpm using a Mistral 1000 MSE centrifuge to separate the zeolite and heavy metal 
solutions. 
Stage 7: Supernatant removal 
The supernatant was removed following centrifugation using disposable pipettes into 25 ml 
Universal storage containers. 
Stage 8: Filter preparation 
Samples from the study into the effect of contact time were filtered to achieve phase 
2 With the exception of the study into the effect of zeolite dosage and heavy metal concentration (Chapter 7), where 
stock solutions of 2000 mg/l were used, and the volume of heavy metal solution required calculated from equation 
3.12. 
3 With the exception of the study into the effect 01 contact time (Chapter 5). where samples were shaken for contact 
times between 10 minutes and 4 hours. 
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separation. Whatman Puradisc 25 TF syringe filters were pre-wetted with 5 ml of propan-2-
01 and rinsed with 10 ml of deionised water prior to use. 
Stage 9: Sample filtration 
Samples from the study into the effect of contact time were filtered through individual syringe 
filters (as described previously) into 25 ml Universal storage containers. 
Stage 10: Sample refrigeration 
All samples were stored at 4°C in a refrigerator prior to analysiS. Samples were acidified to 
prevent sorption of heavy metal ions on storage container walls. 
Stage 11: ICP-AES analysis 
All heavy metal concentrations in solution were determined by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) by the author at the University of Greenwich. The 
details of the analysis are described more fully in section 3.5. 
(3.4.2) Quality Control 
care was taken throughout the experimental procedures to minimise the chance of cross-
sample contamination. Disposable plastics (sample storage, centrifuge tubes, weighing 
boats and Pasteur pipettes) were used throughout. All containers were soaked overnight in 
5% nitric acid (v/v) and rinsed thoroughly with deionised water. The use of glassware is 
avoided where possible due to potential leaching from the borosilicate glass. Powder-free 
disposable gloves were worn throughout experimental procedures and changed regularly to 
prevent contamination of the samples by the analyst. 
Calibration of the pH meter was performed using a two-point method (pH 4 and 7) before 
use and throughout long analysiS periods. All pH buffers were prepared at least on a weekly 
basis. All balances were calibrated and values recorded before use with a NAMAS certified 
calibration mass. All pipettes were checked regularly by weight, and calibration performed 
by the manufacturer. 
92 Centre for Environmental Health Engineering 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
(3.5) Batch Equilibrium Test Analysis 
(3.5.1) Introduction 
The ability to accurately determine the concentrations of heavy metals and other elements in 
solution is clearly critical for the purposes of this study. The main technique used throughout 
the experimental programme to analyse the samples from the batch equilibrium tests is 
inductively coupled plasma atomic emission spectroscopy (ICP-AES). The following section 
contains details on the principles of ICP-AES, the instrumentation used, the methods of 
quantification and the problems and limitations of the technique. 
(3.5.2) PrinCiples of Inductively Coupled Plasma Atomic Emission 
Spectroscopy 
In common with inductively coupled plasma mass spectrometry, an argon plasma is used in 
inductively coupled plasma atomic emission spectrometry (ICP-AES), but in place of a mass 
spectrometer an optical spectrometer is used. The atomic emission spectrometer relies on 
the principle that the ions are excited within the plasma, and will emit radiation within the 
ultraviolet and visible regions due to the high temperatures. Each element will emit spectra 
of a characteristic wavelength, and the intensity of the spectra is related to the analyte 
concentration (Dean 1997). The schematic shown in Figure 3.3 represents the usual layout 
of an ICP-AES instrument. 
In general, liquid samples are used for ICP-AES analysis, although solid samples can be 
analysed using sophisticated techniques such as laser ablation. The liquid sample is 
introduced into an argon plasma as an aerosol through a nebuliser. Ultrasonic nebulisers 
use high frequency waves in the ultrasound region to break down particles into aerosols 
(Lajunen 1992). Grid-type nebulisers spray a sample on to a fine platinum mesh and create 
droplets when an argon jet is directed onto it, whilst a thermospray nebuliser heats the 
capillary through which the solution is passed. The most commonly used sample 
introduction methods are pneumatic nebulisers convert the liquid sample into an aerosol, 
often by forcing it through a small orifice (e.g. Meinhard or concentriC, cross-flow)(Dean 
1997). 
An argon plasma torch of around 8000 K is used either in horizontal or vertical alignment 
(Figure 3.4) which volatilises and atomises and ionises the sample aerosol (Potts 1987). 
The torch consists of three concentric silica tubes, with the sample flowing through the 
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Figure 3.3: Schematic of an ICP-AES instrument with conventional sample introduction 
(adapted from Dean 1997, Lajunen 1992) 
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Figure 3.4: Schematic of an ICP torch (adapted from Dean 1997, Lajunen 1992) 
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central tube. Argon is introduced perpendicularly to the middle and outer tubes to encourage 
a tangential flow through the torch. The sample is transported into the plasma via an axial 
argon flow, at a flow rate between 0.3-1.5 I/min (normally 0.7-0.9 I/min) (Skoog 1992). Flow 
in the outer tube is much higher, at about 10 I/min, and acts as a coolant for the outer tube to 
prevent it from melting. The middle tube carries an auxiliary argon flow of less than 1 I/min, 
which can be used in the analysis of organic solvent samples and helps to avoid carbon 
build up within the torch (Vandecasteele 1993). A radio frequency induction coil at 27 or 40 
MHz and 1.3 kW (cooled by water) induces an oscillating magnetic field, which heats the 
argon to above 8000 K. A Tesla discharge inserts free electrons into the argon flow on 
lighting, initiating the plasma, which then ionize the sample by exciting the molecules when 
they collide with them (Willard 1981). The resulting spectral emissions are focused through 
a series of convex lenses onto the entrance slit of the spectrometer diffraction grating. A 
variety of spectrometers exist, varying according to the type of grating employed to separate 
the wavelengths and the arrangement of both the entrance and exit slits and subsequent 
reflective optics. The spectrometers of concern are described in more detail in the following 
section. 
After diffraction, the separated wavelengths are reflected onto a photomultiplier to determine 
the intenSity of the incident wavelength. When exposed to radiation, the cathode of the 
photomultiplier will emit electrons and the arrangement of additional electrodes charged with 
increasing positivity causes a cascade of electrons to be formed, inducing the formation of 
an electric current which can be amplified and measured (Skoog 1992). 
Two types of ICP-AES instrument are manufactured: sequential and simultaneous. A 
sequentia/lCP-AES has only a single channel (one diffraction grating and one detector), 
hence each analyte must be examined in turn. The diffraction grating is usually rotated to 
direct each wavelength to the detector. Simultaneous ICP-AES instruments have one 
grating and a dedicated detector for each analyte, allowing simultaneous analysis of a range 
of elements resulting in more rapid analysis. The diffraction grating is generally fixed, with 
the photomultiplier tubes located behind fixed slits around the perimeter of a circle to detect 
wavelengths at diffracted to specified angles. 
ICP-AES analysis can be subject to a wide range of spectral interferences as spectra can 
overlap, producing a distorted signal that is then processed. The problem is illustrated in 
Figure 3.5, where the trace of the intensity of spectra of the analyte concerned is partly 
obscured by the tail end of a peak produced by an interfering element or a direct overlap if 
two elements emit radiation of the same wavelength (Dean 1997). The actual signal 
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measured is given by the top trace, but it is clear that this is not a true value, as the 
interfering element is making a significant contribution to the overall signal. 
Additional interferences can be introduced from the spectra of the plasma argon and species 
formed in the plasma (Vandecasteele 1993). Matrix effects may also be observed, with 
preferential ionisation of some elements (mainly the alkaline earth metals) causing some 
suppression of the signal and subsequently reducing the measured intensity of the analytes 
(Lajunen 1992). Internal standards can be added to counteract the matrix effects and any 
variation in terms of the amount of sample analysed and instrumental drift (Vandecasteele 
1993). An internal standard is an analyte that would not be found at significant 
concentrations in the samples of interest, added at constant concentration either by spiking 
or on line and the signal response is used to normalise the data. Internal standards should 
have a similar ionisation energy and atomic mass to the analytes to be studied so that they 
will mimic the behaviour of the analytes as closely as possible. 
Figure 3.5: Graphical illustration of the effect of interfering elements (adapted from Dean 
1997) 
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(3.5.3) Instrumentation 
All of the samples from the batch equilibrium tests were analysed by ICP-AES performed 
within the School of Earth and Environmental SCiences at the University of Greenwich. 
Three different ICP-AES instruments (both simultaneous and sequential) were used 
throughout the study period to determine heavy metal concentrations. All three instruments 
used a Meinhard nebuliser for sample introduction: a capillary tube within a concentric glass 
tube, through which the sample is passed to the exit orifice. A flow of argon or carrier gas is 
introduced tangentially to the layer between the outer tube and the capillary which also 
leaves through the exit orifice, and the resulting hydraulics of the liquid and gas at the 
aperture induce aerosol formation through the Venturi effect (Dean 1997). 
• Elemental Horizon 
The Horizon instrument is a sequential ICP-AES with a Czerny-Turner mounted 
spectrometer. Two concave mirrors focus the incoming spectra from the plasma onto a 
plane grating (rotated via a stepper motor) and out to the exit slit (Lajunen 1992). 
• ARL 3410 with minitorch 
This ICP-AES is also a sequential design, but differs from the previous instrument as the 
torch design is modified to permit more efficient consumption of argon. This instrument 
also has a Czerny-Turner spectrometer, as with the Horizon. 
• Thermo Jarrell Ash IRIS Advantage 
This simultaneous instrument features a grating of an echelle design, a corrugated 
grating with a resolution related to the density of the grating grooves and the order of the 
incoming spectra (Lajunen 1992) but instead of the usual series of dedicated gratings 
and detectors a charge transfer device is used. This allows a spectral image to be taken 
as the spectra are diffracted and this "snapshor can subsequently be analysed to 
determine analyte intensities. The advantages of this analytical tool are that a range of 
analytes can be examined simultaneously with only one uptake of sample. This enables 
shorter sample throughput times and consumes less sample volumes, which proved 
critical for experiments where a limited sample volume was available requiring analysis 
for a wider suite of elements. The resolution on this instrument was also slightly higher 
than the sequential machines. The production of the spectral "image" means that the 
diffracted spectra are located on a two dimensional basis rather than by their position on 
the x-axis as for a conventional instrument. Discrimination between close wavelengths 
is therefore easier as two ordinates rather than one will define the required wavelength. 
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Autosamplers were used with all three instruments, with a drift monitor analysed was after 
every ten samples with automatic drift correction . 
(3.5.4) Quantification 
Quantitative analysis is achieved by the construction of a calibration curve, which relates the 
intensity of the emitted wavelength and the concentration of the analyte in solution. The 
wavelengths used for the analysis of each element are listed in Table 3.3. Calibration 
standards were prepared using 10,000 mgll Spectrosol standard solutions (SOH Laboratory 
Supplies, Poole) and prepared in 1 % nitric acid. The linear relationship between the 
measured intensity and known concentration can then be used to calculate the concentration 
of unknown samples. An example of a calibration curve is given in Figure 3.5. If the 
correlation coeffiCient of the calibration curve is less than 0.999, then the calibration curve 
was rejected and rerun to produce a more linear relationship. 
Table 3.3: Wavelengths used for ICP-AES analysis 
Element Wavelength (nm) Element Wavelength (nm) 
AI 308.215 Mg 279.079 
Ca 317.933 Na 589.592 
Cd 226.502 Ni 231.604 
Cu 324.754 Pb 220.353 
Fe 259.940 Si 251.611 
K 766.490 Zn 213.856 
To determine the accuracy and precision of the analytical method, standard reference 
materials with certified values were analysed. Three reference materials of the same matrix 
as the study samples were analysed, TMOA-54, lon-96 and TM-27. All three were acidified 
spiked waters produced by the National Water Research Institute, Environment Canada and 
supplied by the Laboratory of the Government Chemist (Teddington, Middlesex). The 
materials were used to provide certified values for all the analytes studied, with levels above 
the detection limits of the instrument. The certified values of the reference materials are 
presented in Tables 3.5-3.7. Each reference material was analysed at the beginning of the 
sample runs, with blank samples run both prior and after. If possible, a second analysis was 
also performed at a later stage during the sample run. 
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Figure 3.6: Example Calibration Curve for Calcium 
Measured Wavelength: 317.933 nm 
20 40 60 
Concentration (mg/l) 
Curve Statistics 
Correlation Coefficient: 0.999 
Standard Error of Estimate: 5.457 x 10.5 
Root Mean Square: 0.886 
80 100 
The measured values for the certified reference materials are displayed in Table 3.8. In 
order to evaluate the precision of the analysis values (Le. the variability of the analytical 
measurement), an F-test was performed (Fifield 1990, Kebbekus 1998, Mendenhall 1992). 
The measured values can be classed as significantly different from the certified values if the 
F value calculated from the analytical measurements (Fexp) exceeds the critical value derived 
from the certified values (FcriI). The values are reported in Table 3.7. No statistical difference 
can be seen for lead, nickel, copper, zinc, sodium, magnesium, potaSSium and iron. The 
standard deviations of the measured and certified values of cadmium, calCium, silicon and 
aluminium are deemed to be statistically different on the basis of the F-test. This is 
considered acceptable, as the ICP-AES is a multi-element analytical technique. The 
instruments can only be optimised for one element, and that this optimisation is a 
compromise. It \NOuld therefore be extremely difficult to achieve precision for all analytes 
studied if a large number are analysed. 
The limits of determination XLOO (in mgtl) have been identified for each of the three ICp·AES 
instruments (Table 3.8). This is defined as the smallest signal that can be quantitatively 
measured (Potts 1987), and is calculated according to equation 3.14. 
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Table 3.4: Certified reference water TMDA-54 
Element Certified Value 95% Confidence 
ijigll) Interval (2 Std Dey) 
(JlgJI) 
Aluminium 463 ±43.2 
Iron 387 ±34.1 
Nickel 325 ±30.3 
Copper 460 ±41.9 
Zinc 540 ±49.1 
Cadmium 165 ± 16.1 
Lead 531 ±54.4 
Table 3.5: Certified reference water lon-96 
Element Certified 95% Confidence 
Value Interval (2 Std Dey) 
(mgll) (mg/l) 
Sodium 43.3 ± 3.81 
Magnesium 22.7 ±2.38 
Silicates (as Si) 3.07 ± 0.237 
Potassium 3.97 ± 0.548 
Calcium 95.1 ±7.82 
Table 3.6: Certified reference water TM-27 
Element Certified 95% Confidence 
Value Interval (2 Std Dey) 
(Jigll) (Jlg/l) 
Aluminium 64 ±26.0 
Iron 28.5 ± 12.0 
Nickel 2.7 ± 1.1 
Copper 35.3 ± 7.1 
Zinc 22.2 ±4.9 
Cadmium 1.0 ±0.9 
Lead 4.9 ±2.S 
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Table 3.7: Statistical analysis of certified reference values 
M_urad Values Certified Values Statistical Analyala 
Mean Standard Relative Number of Mean Certified Fexp F crlt Significant 
(mgll) Deviation Standard AnalyMS (mg/I) Standard Variation? 
Analyte SRM (mgll) Deviation Deviation I 
(%) (mgll) 
Pb TMDA-54 0.54 0.02 3.79 12 0.53 0.03 1.82 2.30 )C 
Ni TMDA-54 0.34 0.02 4.70 9 0.33 0.02 1.14 2.10 )C 
Cu TMDA-54 0.50 0.02 3.68 8 0.46 0.02 1.36 3.67 )C 
Cd TMDA-54 0.17 0.01 7.77 10 0.17 0.01 2.64 2.10 fI' 
Zn TMDA-54 0.60 0.03 4.40 9 0.54 0.02 1.21 2.10 )C 
Na ION-96 45.2 1.22 2.71 9 43.3 1.91 2.42 3.67 )C 
Ca ION-96 98.4 1.40 1.43 5 95.1 3.91 7.78 5.63 fI' 
Mg ION-96 24.4 0.80 3.30 5 22.7 1.19 2.19 5.63 )C 
K ION-96 4.16 0.17 4.06 5 3.97 0.27 2.63 5.63 )C 
Si ION-96 3.27 0.02 0.70 5 3.07 0.12 26.54 5.63 fI' 
AI TMDA-54 0.51 0.05 10.12 5 0.46 0.02 5.63 2.37 fI' 
Fe TMDA-54 0.40 0.01 2.67 4 0.39 0.02 2.39 8.53 )C 
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(3.14) 
XB denotes the mean signal detected for the blank sample (from a sample of at least 10 
measurements) (in mgtl) and Sa the standard deviation of these measurements (in mgtl) . A 
less conservative limit of detection can be determined using a factor of 3 standard deviations 
rather than 6. The limit of determination was deemed more appropriate for the purposes of 
this study. 
Table 3.8: Limits of determination (mgtl) 
Analyle ICP-AES Instrument 
ARL Mlnltorch Thermo Jarrell Ash Horizon 
Pb 0.044 0.024 0.076 
NI 0.002 0.022 0.016 
Cu 0.005 0.022 0.032 
Cd 0.002 0.019 0.004 
Zn 0.007 0 0.019 
Na 0.172 0.120 0.032 
Ca 0.231 0.043 0.188 
Mg 0.485 0 0.016 
K 1.494 0 0.736 
SI 
· 
. 0.017 
AI 
· 
. 0.081 
Fe · 0.021 0 
Sample dilution was avoided where possible to prevent the introduction of dilution errors. 
Only samples that exceeded the top calibration standard were diluted, to ensure that no 
extrapolation was necessary outside the linear range of the calibration curve. To confirm 
that the instrument was performing as expected, samples of known concentration (usually 5 
or 10 mgtl) were placed randomly throughout every batch of samples. 
To monitor and correct for instrumental drift, a monitor solution was run after every ten 
samples. The concentration of this solution was nominal (ideally it should comparable to the 
levels in the samples to be tested) but it must be the same solution for the whole analytical 
run. It was usually a calibration solution of 5 or 10 mgt!. The instrumental software 
automatically adjusted the drift of the instrument after every ten samples by normalising the 
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values obtained for this solution. If the instrumental drift was more than a set value, analysis 
ceased. 
All the ICP-AES instruments were flushed thoroughly before use with 2% nitric acid to clean 
through all tubing. Blank samples (1% HN03) were run after the calibration samples and 
regularly throughout the sample run as a flush and to monitor that background levels were 
not too high. 
(3.5.5) Interferences 
A summary of interferences upon the analytes studied in this experimental programme is 
presented in Table 3.9. One main spectral interference was observed, as a secondary 
wavelength of iron had an overlapping wavelength with cadmium (see Table 3.3 for 
wavelengths used). This was quantified using a subroutine procedure. After the 
construction of the calibration curve, separate solutions of the interfering element (iron) and 
the affected element (cadmium) were run. Since many elements emit a number of 
characteristic wavelength, a secondary wavelength was measured for the interfering element 
in addition to the wavelength of concern. The relationship between the concentration of the 
interfering element and its apparent effect at the monitored wavelength was determined, and 
the instrumental software incorporated an automatic correction factor as the analyte 
concentrations were calculated. This only proved necessary for the sequential instruments 
used as the IRIS system illustrated much higher resolution, and was able to distinguish 
between the two wavelengths. 
Matrix effects can be observed for all the analytes studied. To minimise these effects, 
matrix-matching was performed, ensuring that the matrixes of all samples, calibration 
standards and certified reference materials are as similar as possible. An additional 
mitigation measure would be the use of an internal standard, but since many of the samples 
were not diluted it was considered that the addition of a spiked standard would introduce 
dilution errors to the analysiS. Running an internal standard online (Le. through aT-piece) 
was not possible with the ICP-AES instruments used, and not recommended for long sample 
runs. 
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Table 3.9: Summary of Interferences for the Analytes Studied (Dean 1997, Vandecasteele 
1993, Lajunen 1992). 
Element Spectral Matrix Comments 
Interferences Interferences 
AI It II' 
Ca It II' 
Cd II' II' Interference from Fe 
Cu It II' 
Fe It II' 
K It II' 
Mg It II' 
Na It II' 
Ni It II' 
Pb It II' 
Si It II' 
Zn It II' 
(3.6) Presentation of Results 
The results from the batch equilibrium tests will presented in two main formats: as average 
removals or as concentrations in solution. All results are average values, calculated as the 
mean of the duplicate samples. Removals will either be presented in meq/I or mgll 
(calculated from equation 3.15) or a percentage removal (as described in equation 3.9). 
Removal (in mg/l or meq/l) = Co - C. (3.15) 
As with equation 3.9, Co represents the initial concentration of metal in solution (in mgll or 
meq/I), and Cs the residual concentration (in mgll or meq/I). All concentrations in solution are 
blank-corrected. 
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(3.7) Summary 
This chapter has reviewed the development of a standard batch equilibrium test procedure. 
This test will be used to determine heavy metal uptake by zeolites under varying 
experimental conditions throughout the rest of the experimental programme. The standard 
test procedure can be modified to assess the effect of varying a key parameter, whilst 
maintaining fixed conditions for other parameters. These fixed conditions will apply across 
all of the experimental studies, to allow cross-comparison of results. Attention has also been 
paid to the analytical technique used for heavy metal determination (ICP-AES) and the 
methods of quantification. 
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Chapter 4 
--~;:, ".'---
Chemical and Physical Characterisation of Zeolites 
(4.1) Introduction 
The objective of this chapter is to provide information on the nature of the zeolites used 
throughout the experimental programme. This information will then be used to aid 
understanding of the results obtained in future chapters, as the characteristics of the zeolites 
can be related to their ion exchange behaviour. Brief descriptions of the analytical 
methodologies used are given, explaining the fundamental principles behind the techniques. 
(4.2) Zeolite Oxide Composition by XRF Analysis 
(4.2.1) Principles of X-Ray Fluorescence 
The technique of X-ray fluorescence (XRF) has been used within this study to determine the 
bulk chemical composition of the zeolite solid materials. When irradiated with high energy, 
electron holes can be created within the inner orbitals of the sample's atoms, which are filled 
by electrons from the outer orbitals. This shift in electrons is also accompanied by a 
simultaneous emission of X-ray spectra, characteristic to the element studied with an 
intenSity proportional to the number of atoms present. 
X-ray fluorescence spectrometers are either wavelength dispersive or energy dispersive 
depending upon the X-ray source used. Wavelength dispersive instruments use X-ray tubes 
as sources, which produce X-rays by electron bombardment (Skoog 1992). Energy-
dispersive methods can use radioactive sources or secondary fluorescent sources that have 
themselves been excited by an X-ray tube. The X-ray beams are focused by collimators, 
one located between the sample and diffraction crystal with an optional one between the 
crystal and detector, preventing beam divergence. The diffraction crystal consists of equally 
spaced lattice planes, which diffract X-rays according to Bragg's law of diffraction (Le. 
differing wavelengths can be separated by rotating the crystal or altering the angle of 
incidence (Braun 1987). 
XRF instruments can be either sequential or simultaneous. Sequential instruments have a 
single detection channel (one crystal & one detector) and the crystal rotates, studying each 
wavelength in turn. Simultaneous instruments are multichannel with a crystal and a detector 
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for each channel. Usually a channel is designated for each analyte of concern and will be 
fixed (Skoog 1992). It is then possible to analyse for all the analytes simultaneously. 
(4.2.2) Instrumentation 
All XRF analysis was performed within a NAMAS accredited laboratory at the Materials 
Research Institute at Sheffield Hallam University (Testing Laboratory No. 1263). The 
instrument used was a Phillips PW2400 X-ray fluorescence spectrometer, a wavelength-
dispersive sequential instrument. 
(4.2.3) Zeolite Composition 
The bulk oxide composition three zeolite samples is given in Table 4.1, Zeocros CA 150, 
Zeocros CG1 80 and a natural clinoptilolite (as received, after milling and after conditioning). 
This information can be used to derive the oxide formula of each zeolite, presented in 
section 3.2 (equations 3.1, 3.3, 3.6 and 3.7). 
Prior to the milling process, there was some concern that this may possibly introduce 
contamination into the zeolite sample via the milling equipment. The mill cyclone is used 
only within the silicate plant at Crosfield Ltd, and as such is exposed to minimal 
contamination in comparison to other methods of size reduction that could have been used. 
The possibility of contamination, however, could not be dismissed prior to analysiS. A 
comparison of the chemical compositions calculated from the results of the XRF analysis 
indicates the effect of the size reduction process: 
As-received clinoptilolite 
(Na20)o.~~O)o.3rlCaO)O.1g(MgO)O.11(Fe203)O.05(TI02)O.01 (AI203)1.o(SI02)10.33.6.7H20 
(4.1) 
Milled clinoptilolite 
(Na20)O.51(K20)Q.3g(CaO)O.17(MgO)O.1o(Fe203)O.04(TI02)O.01 (AI20 3)1.0(SI02)10.17.6.5H20 
(4.2) 
No significant differences can be seen between the two materials, except for slight 
decreases for most of the oxides after milling, which could be attributed to the variation as 
expected between natural zeolite samples due to their inherent heterogeneity. 
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Table 4.1: Zeolite Oxide Composition 
Oxide Zeocroa Zeocroa Cllnoptllollte Milled Conditioned 
(%) CA150 CG180 (as received) cllnoptllollte cllnoptllollte 
NCi20 17.61 19.20 3.45 3.48 5.31 
MgO 0.06 0.05 0.51 0.43 0.42 
AI20a 28.28 31.63 10.87 11.09 11.13 
Si02 32.59 37.25 663.8 66.63 66.30 
P20S <0.01 <0.01 0.01 0.00 0.00 
S03 <0.01 <0.01 - - -
~O 0.00 0.05 3.75 3.95 1.77 
CaO <0.01 <0.01 1.10 1.07 0.36 
Ti02 <0.01 0.01 0.09 0.07 0.07 
V20S <0.01 <0.01 - - -
Cr203 0.00 0.00 <0.01 <0.01 <0.01 
Mn304 0.00 0.00 0.04 0.03 0.03 
F~03 0.01 0.03 0.81 0.66 0.66 
ZnO 0.00 0.00 - - -
SrO <0.01 <0.01 0.03 0.03 0.01 
Y203 <0.01 <0.01 - - -
Zr02 0.00 0.01 - - -
BaO <0.01 0.00 0.05 0.04 0.02 
Hf02 <0.01 <0.01 - - -
SUM 78.51 88.19 87.09 87.52 86.08 
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The effect of the conditioning process can be evaluated, by studying the chemical 
compositions of the natural zeolite before and after conditioning. The compositions are 
indicated in formulas 3.6 and 3.7, also presented in the previous chapter. 
Unconditioned clinoptilolite 
(Na20)O.51(K20)o.39CCaO)O.17(MgO)O.1oCF~03)O.04(TI02)O.01(AI203)1.oCSi02)1o.17.6.5H20 
(3.6) 
Conditioned clinoptilolite 
(Na20)O.7g(K20)O.1r( CaO)0.osCMgO)O.og(Fe203)0.04(TI02)0.01 (AI20 3)1.o(SI02)1 0.12.7.1 H20 
(3.7) 
Sodium levels in the conditioned clinoptilolite increased, whilst potassium and calcium levels 
decreased. Only a small deviation is seen for magnesium, which suggests that these ions 
may be more strongly bound. The clinoptilolite is not completely converted to an homoionic 
form since significant potassium, magnesium and calcium levels remain. This is most likely 
due to the locations of the cations within the clinoptilolite framework, with some sites 
showing greater affinity for the co-ions than others (Maes 1986, Barrer 1972b). 
(4.3) Crystalline Structure and Identification of Zeolites by 
XRD AnalYSis 
(4.3.1) Principles of X-ray Diffraction 
Bragg's law defines the relationship between the incident wavelength, incident angle of 
diffraction, the order of diffraction obtained and the distance between the atomic planes of a 
crystal lattice (Willard 1981) and hence can be used to define the d spacing (distance 
between those atomic planes) of a crystalline material. The direction of the diffracted X-ray 
after passing through a crystal of a substance is related to the characteristics of the unit cell 
(the basic repetitive unit) of the material and the wavelength of the X-ray beam used. An X-
ray diffraction pattern reflects both the direction and intensity of the diffracted beam, and will 
be unique for a particular substance. It is possible to obtain quantitative data on the various 
components of the sample material by analysing the height of the peaks on the XRD trace, 
but this can prove difficult due to various matrix effects and crystal orientation complications. 
In this study only qualitative data is obtained, to identify the crystalline phases present. The 
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trace of diffraction angle (29) against peak intensity can be compared against standard XRD 
patterns to permit phase identification. The Structure Commission of the International 
Zeolite Association provides poINder x-ray diffraction patterns for many synthetic and natural 
zeolites (Groesse-Kunstleve 2000), as does the International Centre for Diffraction Data 
(ICDD). 
XRD analysis can be performed either on a single crystal (the crystal is rotated to vary the 
angle of incidence) or a polNdered crystallite sample. The latter method (used for this study) 
relies on the principle that since a great number of crystallites are present, there will be 
enough laying in each orientation to reflect the beam in order to determine all the d spacings 
present (Skoog 1992). 
(4.3.2) Instrumentation 
All XRD analysis was performed at the Laboratory of the Government Chemist, The Heath 
(previously the ICI Research and Technology Centre), a NAMAS accredited laboratory 
(Testing Laboratory No. 1214). The poINder X-ray diffraction patterns were recorded on a 
Phillips PW 1800 automatic poINder diffractometer using copper K alpha radiation generated 
at 40 kV and 55 mAo The data was searched automatically and manually against the 
International Centre for Diffraction Data (ICDD) database. 
(4.3.3) Zeocros CA150 
The X-ray diffraction pattern obtained for Zeocros CA 150 is given in Figure 4.1 a. 
Comparison with Figure 4.1 b indicates that it is typical of the sodium form of zeolite A, zeolite 
4A. 
(4.3.4) Zeocros CG180 
The initial XRD pattern obtained for Zeocros CG180 (Figure 4.2a) is representative of a 
partially dehydrated sample, since the presence of dehydrated zeolite P can cause large 
shifts in diffraction lines. The zeolite sample was rehydrated in an environment with high 
relative humidity (over saturated ammonium chloride solution) and reanalysed. The second 
trace is shown in Figure 4.2b, and in comparison with the standard XRD pattern for zeolite P 
(Figure 4.2c), it is clear that this sample is a sodium- form of zeolite P. 
(4.3.5) Cllnoptllollte 
XRD analysis was performed on the clinoptilolite sample as received, after milling and after 
conditioning. The as-received sample (Figure 4.3a) showed the characteristic diffraction 
pattern of clinoptilolite (Figure 4.3d), and contained some non-crystalline material. Varying 
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Figure 4.1: XRD Analysis of Zeocros CA 150 
(a) Sample, 
(b) Reference diffraction pattern (reproduced from IZA Collection of Simulated XRD Powder 
Patterns for Zeolites, Groesse-Kunstleve 2000) 
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Figure 4.2: XAD Analysis of Zeocros CG 180 
(a) Dehydrated sample 
(b) Hydrated sample 
(c) Reference diffraction pattern (reproduced from IZA Collection of Simulated XRD Powder 
Patterns for Zeolites. Groesse-Kunstleve 2000) 
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Figure 4.3: XRD Analysis of Clinoptilolite (a) As-received sample, (b) Milled sample, (c) 
Conditioned sample, (d) Reference diffraction pattern 
I Semple: 990055 File: 990055.RD 
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peak intensities were observed as the crystals exhibited preferred orientation. After milling, 
a similar diffraction pattern was obtained (Figure 4.3b), which altered little for the conditioned 
sample (Figure 4.4b). 
(4.4) Scanning Electron Microscopy Analysis of Zeolites 
(4.4.1) Principles of Scanning Electron Microscopy 
If a high energy narrow electron beam is passed over the surface of a solid sample, the 
intensity of the backscattered electrons can produce an image similar to a photographic 
print, but at much higher magnification (in the nanometre range) known as a micrograph 
(Braun 1981). The beam can be systematically moved over the surface in a series of 
straight lines, each an incremental distance from the last (Skoog 1992). Samples are often 
coated with a thin metallic layer to increase conductivity and minimise electrostatic charge 
development, which causes the image to be obscured. 
Micrographs can provide useful information as to the nature and geometry of the studied 
particles, but it must be emphasised that at such high magnifications only a small number of 
particles can be viewed in one image, and the acquired images may not be representative of 
the entire sample. The images do allow visualisation of the materials on a microscopic 
scale, and can be used to support other characterisation techniques such as particle size 
distribution and surface area measurement. 
(4.4.2) Instrumentation 
All SEM analysiS was performed at the Laboratory of the Government Chemist, The Heath 
(formerly the ICI Research and Technology Centre) using a Hitachi S-4000 FEG (field 
emission gun) scanning electron microscope. Zeolite samples were mounted onto self-
adhesive stubs and lightly coated with a 6 nm thick layer of gold and palladium in a 
Cressington sputter coater. Images were recorded at 5 keV and micrographs taken at a 
range of magnifications to enable comparison between specimens. This laboratory is 
NAMAS-accredited (Testing No. 1214), and all relevant standard operating procedures and 
analytical methods were observed. All displayed magnifications are guaranteed by the 
accreditation to be within 10% of the correct value. 
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(4.4.3) Zeocros CA150 
The micrograph in Figure 4.4 indicates that Zeocros CA 150 has cuboidal particles with 
smoothed vertices between approximately 1-5 ~m in diameter. This particle morphology is 
typical for zeolite A, but care must be taken since the crystals can be amorphous whilst 
retaining their apparent crystal structure when exposed either to high temperatures or acidic 
conditions (Kosanovic 1997, Cook 1982). Additional X-ray diffraction analysis is required to 
confirm that these particles are indeed crystalline, as in this case. 
(4.4.4) Zeocros CG180 
Whilst sharing the same chemical composition, electron microscopy highlights the distinct 
differences between zeolite 4A and zeolite MAP. Zeocros CG 180 appears to be a loose 
agglomeration of much smaller crystallites, forming particles with a cauliflower-like 
appearance (Figure 4.5). It is difficult to ascertain a typical particle size from the SEM 
image, but approximately 1 ~m micrometre seems typical, with a wide range of particle sizes 
present. 
(4.4.5) Cllnoptllollte 
Micrographs for the natural clinoptilolite were obtained for the as-received sample and the 
material after size reduction in a mill cyclone. The SEM image of the as-received sample 
(Figure 4.6) reveals that the zeolite particles have a less regular morphology than 4A, 
appearing almost rocklike in Shape. Particle sizes are much greater than the synthetic 
zeolites, in the millimetre range. The surfaces of the particles are covered in debris, with 
much smaller chips of the material scattered in the background. 
The variation in particle orientation for the milled sample suggests that some of the particles 
are almost sheet-like, presumably a result of the milling process (Figure 4.7). Some of the 
exposed surfaces are relative smooth sharp, characteristics that are linked with enhanced 
metal-uptake by some authors (Kesraoui-Ouki 1993). Some of the particle surfaces are 
fragmented and littered, but the level of debris seems lower than for the as-received sample, 
suggesting that the particle sizes are either in a similar size range, or the separation step 
that was incorporated within the milling process has removed that size fraction. 
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Figure 4.4: Scanning electron micrograph of Zeocros CA 150 
Figure 4.5: Scanning electron micrograph of Zeocros CG180 
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Figure 4.6: Scanning electron micrograph of as-received clinoptilolite 
Figure 4.7: Scanning electron micrograph of milled untreated clinoptilolite 
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(4.5) Trace Elemental Composition of Zeolites by ICP-AES 
(4.5.1) Introduction 
All trace element analysis of the zeolite samples was performed by Crosfield Ltd using 
inductively coupled plasma atomic emission spectroscopy (ICP-AES). As the principles of 
ICP-AES have already been discussed in section 3.5.2, no further details are given in this 
section. 
(4.5.2) Instrumentation and Quantification 
A Varian Liberty 220 ICP instrument was used, in the radial torch position. The instrument is 
sequential, with a Czerny Turner spectrometer. Nickel, copper, cadmium, lead and zinc 
concentrations of the digested zeolite solutions were determined using the wavelengths of 
detection listed in Table 4.2. 
Table 4.2: Wavelengths of detection used by ICP-AES 
Analyte Wavelength (nm) 
Ni 231.604 
Cu 327.396 
Cd 228.802 
Pb 220.353 
Zn 213.856 
(4.5.3) Sample Preparation 
The zeolites were converted to solution form by a hydrochloric-hydrofluoric acid digest 
performed by Crosfield Ltd using the following digestion procedure. A volume of 5 ml of 
concentrated hydrochloric acid and 40 ml of 40% hydrofluoric acid was added to 1 g of zeolite 
in a platinum dish. The zeolite-acid mix was then heated on a hotplate, and allowed to fume 
for approximately 3 hours to slowly remove all hydrofluoric acid and silicon as silicon 
tetrafluoride. Upon production of a dry residue, a further 5 ml of hydrochloric acid was added 
in addition to 80 ml of double deionised water, and the mix heated for approximately 45 
minutes until all residues had completely dissolved. The digested zeolite samples were then 
analysed by ICP-AES. 
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(4.5.4) Results 
Heavy metal concentrations can be determined for all of the zeolites studied, the results of 
which are presented in Table 4.3. Both of the natural zeolite samples (conditioned and 
unconditioned) show higher heavy metal contents than Zeocros CA150 or Zeocros CG180. 
Zeolite conditioning also appears to reduce the heavy metal levels in the clinoptilolite. The 
data indicates that none of the zeolite samples studied are significantly contaminated with 
heavy metals. Even if all the heavy metals in the zeolite structures are exchangeable ions 
and are released during the ion exchange process, such low zeolite doses are used in this 
study that this release is not detectable. 
Table 4.3: Trace element content of zeolites 
Concentration (mglkg) 
Zeolite Cd Zn Cu Pb Ni 
Zeocros CA 150 NlD 9.5 N/D <2 0.5 
Zeocros CG180 N/D 2.5 1 <2 1.1 
Unconditioned 0.7 33 20 11.3 2.8 
clinoptilolite 
Conditioned 0.6 29 18 10.5 2.8 
clinoptilolite 
(4.6) Surface Area, Porosity and Particle Size Distribution 
(4.6.1) Surface Area Measurement 
Principles of Nitrogen Adsorption Analysis 
The surface area of a particle can be determined from the quantity of molecules of an 
adsorbate that can be adsorbed to the particle surface. There are a variety of models 
available to determine this relationship between adsorption and particle size, but the most 
commonly used method is Brunauer, Emmett and Teller (BET) theory, a modified version of 
the Langmuir isotherm which accounts for the development of a number of layers of 
adsorbate. This model can be expressed in form given in equation 4.3. 
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(4.3) 
(Lowell 1991) 
where W represents the weight of adsorbate adsorbed (mg), Wm the weight of a monolayer 
that completely covers the particle surface (mg) (Le. satisfies all the adsorption sites), c is 
the BET constant, P the pressure of the adsorbate (MPa) and Po the saturated vapour 
pressure of the adsorbate (MPa). 
The most common gaseous adsorbate used is nitrogen, as the molecule is small enough 
(with a cross sectional area of 16.2 A2) to not induce local adsorption effects and yet large 
enough to avoid acting as a two-dimensional gas (Lowell 1991). A known mass of sample is 
exposed to nitrogen gas at increasing increments of pressure, and monitoring the volume of 
gas adsorbed the surface area of the material can be determined. 
Instrumentation and Results 
The results of the nitrogen adsorption surface area analysis were provided by Crosfield Ltd. 
The analysis was performed using a Micromeritics Accelerated Surface Area Porosimeter 
(ASAP) 2400 model. An 80 point adsorption/desorption isotherm was generated throughout 
the full relative pressure range. Samples were outgassed at 4301lC for 16 hours. Data 
analYSis was by standard BET theory. 
Zeocros CG180 has a BET surface area of 15.8702 (±O.1655) m2/g, with a Single point 
surface area (P/Po=0.2064) of 13.8139 m2/g. It was not possible to determine the surface 
are for Zeocros CA150, since the surface area of each particle is below 1 m2/g. It is 
problematiC to analyse powders with such small areas as accurate measurement of the void 
volume is difficult, and the ratio of adsorbate in the voids between the particles in 
comparison to the volume of adsorbate actually adsorbed to the particle surface is high 
(poSSibly in excess of 1:1). This can cause difficulties in data interpretation (Lowell 1991). 
After comparison with the SEM images, it is clear that the nature of the surface of Zeocros 
CG180 is significantly different than Zeocros CA150. The particles have an uneven, 
cauliflower-like appearance, attributed to the fact that they are an agglomeration of small 
crystallites of in the 50 nm-range (Adams 1997). This particle morphology will have a much 
higher surface area than the smooth particle surfaces of Zeocros CA 150. 
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(4.6.2) Pore Size Measurement 
Principles of Mercury Intrusion Porosimetry 
The equivalent diameter of pores can be determined from the extent to which liquid mercury 
can be forced into them (Kingery 1976), as the pressure required (P (MPa)) is related to the 
angle of insertion (at)), the surface tension of the mercury ()\-tg (N/m» and the radius of the 
pore (assuming that it is spherical) (r (J.l.m)). The relationship can be defined by the 
Washburn equation: 
Pr = -2ycos 8 (4.4) 
(Lowell 1991) 
The size of the pores penetrated is dependent upon the pressure applied, with smaller pores 
permeated with increasing pressure. 
A mercury intrusion porosimeter (MIP) consists of pressure generator, a dilatometer or stem 
(through which the height of a column of mercury will vary depending upon the degree of 
intrusion or extrUSion), a mercury level probe and a sample holding cell within a high-
pressure vessel. The pressure is transferred from the generator to the stem via a hydraulic 
fluid. The contact angle is normally in the range of 14011, although small differences in the 
contact angle can have a significant impact on the pore radius obtained. 
Instrumentation and Results 
All mercury intrusion porosimetry was performed by Crosfield Ltd using an Autopore II 9220 
mercury intrusion porosimeter manufactured by the Micromeritics Instrument Corporation. A 
164 point intrUSion/extrusion curve was generated with a maximum pressure of 60000 psi. 
The mercury filling pressure was 0.5623 and 0.5655 psia for Zeocros CA150 and Zeocros 
CG 180 respectively, and equilibration times of 10 seconds were used at both low and high 
pressure. 
The Intrusion curves for Zeocros CA150 and CG180 are given in Figures 4.8- 4.9, and 
graphical interpretation is possible (Lowell 1991). The initial slope of the intrusion curve for 
Zeocros CA 150 (Point A to Point B) is probably due to mercury penetrating between the 
particles of the zeolite powder. Between Band C, the mercury fills pores with diameters 
down to diameters of approximately 3 J.l.m, after which increased pressure forces the mercury 
into a second type of pore of smaller diameter (approximately 0.3 J.l.m). The intrusion curve 
for Zeocros CG180 also shows tVllO types of pore size, with the section of the intrusion curve 
between A and B indicating the intrusion of the mercury into larger pore spaces of 
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approximately 0.8 ~m in diameter. The steep gradient of the intrusion curve (8 to C) can be 
interpreted as the filling of smaller pores as the pressure increases, corresponding to a 
smaller pore size in the O.OS ~m range. The data obtained from the MIP software package is 
given in Table 4.4. The higher median pore diameter for Zeocros CA 1S0 indicates that the a 
wider range of pore sizes is seen for zeolite A than zeolite MAP, although the small average 
pore diameter suggests that more of the smaller pores are present. This is reinforced by 
comparison between the two intrusion curves, as a greater fraction of the total mercury 
intruded penetrates the larger pores for Zeocros CA 1S0 than CG 180, with the implication 
that a wider pore range is present. The average pore diameter of Zeocros CG180 is the 
same as for CA 1 SO, suggesting a more even distribution between the two pore types. 
Table 4.4: MIP Results 
Zeocros CA 1S0 Zeocros CG 180 
Total intrusion volume mllg 1.827 1.2S0 
Total pore area (m 2/g) 23.90 49.26 
Median pore diameter (~m) 7.241 0.625 
Average pore diameter (~m) 0.005 0.005 
Stem volume used (%) 61 40 
(4.6.3) Particle Size Distribution Measurement 
Principles of Particle Size Measurement 
Particle size can be determined by the relationship between particle diameter and the 
scattered energy of a light beam shone through a continuous flow of particles. A powdered 
sample can be dispersed in a transparent liquid to allow flow through a cell through which a 
laser is directed. As the beam hits the particles, each particle will deflect the light and the 
scattered beams are refocused through an intermediate lens onto a detector that measures 
the light energy. 
Instrumentation 
All particle size analysis was performed on a Malvern Mastersizer laser light scattering 
instrument at the University of Surrey. The zeolite powders were dispersed in deionised 
water to allow analysis. Each sample analYSis was repeated five times, and each trace is 
indicated on the particle size distribution curves (Figures 4.10-4.13). The cumUlative volume 
of particles passed below a certain diameter is also plotted. Particle size is calculated on the 
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Figure 4.8: Mercury intrusion curve for Zeocros CA 150 
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assumption that all particles are spherical, with the particle diameter corresponding to an 
equivalent sphere. It is possible to apply a shape correction factor, but this was not deemed 
necessary in this study. It is assumed that this oversimplification will lead to an inherent 
error in measurement, since the SEM analysis confirms that none of the samples are 
spherical in nature. 
Zeocros CA 150 
The particle size distribution curve determined for Zeocros CA150 determines that all 
particles fall within 0.2 to 12 J.UTl, with 50% of the particles having a diameter of 7 ~m or less 
(050) (see Figure 4.10). In comparison with the visual analysis performed using the SEM 
images the particles do seem larger than on the micrographs, but the discrepancy could be 
due to the mathematical assumption in the Mastersizer software. It has also been previously 
noted that electron microscopy can only examine small subsections of the sample. 
Zeocros CGlao 
Zeocros CG180 has a particle range between 0.1 and 11 ~m, with 50% of the particles with 
diameters of less than 2 ~m (Figure 4.11). Comparison with the SEM images suggests that 
the spherical particle approximation may be the most appropriate for this zeolite rather than 
any of the other samples. 
Cllnoptllollte 
The unconditioned, milled clinoptilolite sample has a 050 of 3 ~m, and a particle size range 
of 0.1 to 1 0 ~m (Figure 4.12). The fairly steep peak of the curves denotes that most particles 
are between 4 and 6 J.UTl in diameter. After conditioning, the particle size distribution 
broadens, and a secondary peak is visible on the graph around 30 ~m (Figure 4.13). The 
050 measurement increases to 6 ~, although the peak particle size remains at around 4 
J.UTl. This is most likely a function of the conditioning process (discussed in section 3.4.1), 
where the drying process may result in some particle agglomeration. It probable that the 
dynamic nature of the batch sorption tests will separate the particles. 
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Figure 4.10: Particle size distribution of Zeocros CA 150 
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Figure 4.12: Particle size distribution of milled clinoptilolite 
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(4.7) Summary 
This study has confirmed that Zeocros CA150 and Zeocros CG180 are sodium forms of 
zeolite A and zeolite P respectively. Zeocros CG180 has an average particle size of 211m in 
comparison to Zeocros CA150, the average particle size of which is 7 11m. Electron 
microscopy indicated that Zeocros CG180 particles often form loose aggregates, whilst 
CA150 displays the smoothed cuboid particle morphology commonly aSSOCiated with zeolite 
4A. 
Information on the surface area and porosity of the synthetic zeolites has been provided, in 
addition to the oxide composition and trace element composition. None of the zeolites 
studied is significantly contaminated with zinc, lead, cadmium, nickel or copper. 
The natural zeolite used in Chapter 9 is a clinoptilolite. XRD analysis confirmed that the 
milling and conditioning process did not significantly alter the zeolite structure. XRF analysis 
of the unconditioned and conditioned clinoptilolite samples illustrated that the conditioning 
process converted the zeolite to a more homoionic sodium form, although little magnesium 
was displaced from the zeolite structure. 
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Chapter 5 
Study into the Effect of Contact Time on Heavy Metal 
Removal 
(5.1) Introduction 
The objective of this study is primarily to evaluate the contact time that will provide optimum 
metal removal. Both single and mixed metal solutions were studied to determine the effect 
of the presence of multiple metal ions in solution. Time periods between 10 minutes and 4 
hours were investigated after a preliminary screening study with lead indicated that 
maximum removal occurred after less than 20 minutes. 
Since all the studies performed within this doctoral project were performed at room 
temperature within an air-conditioned laboratory, an additional screening study was made to 
assess whether the fluctuations in room temperature would influence the results. 
Temperatures between 15 and 3()l1C were assessed as these were considered to be 
exaggerated extremes of the temperatures experienced in the other experimental work. 
Mixed metal solutions were studied, as this would give information on the uptake of all the 
metals as a response to the increase in temperature. It must be emphasised that this work 
was not intended to be a detailed evaluation of the effect of temperature on heavy metal 
uptake, but rather as a quality control study to ensure that the impact of temperature is 
negligible. It is also hoped that some information as to whether temperature control would 
be required in practice will be obtained. 
(5.2) Experimental Procedure 
A series of batch equilibrium adsorption tests were undertaken to evaluate the impact of 
contact time on the removal of heavy metals by the two synthetic zeolites, Zeocros CA 150 
and Zeocros CG180. The pH of an adsorbent slurry of fully hydrated zeolite was adjusted to 
pH 6.0 by the method previously described, and 5 mg of zeolite (on a dry weight basis) was 
shaken in 100 ml of heavy metal solution for varying contact times ranging from 10 minutes 
to 4 hours at 500 osc/min at room temperature. In the Single metal studies, the initial heavy 
metal concentration was 0.088 meq/I and for mixed metal studies 0.017 meq/I of each metal 
was added. Control samples of deionised water, zeolite slurry and metal solutions were run 
in parallel, and all samples run in duplicate. The zeolite and solution phases were separated 
using Whatman 0.1 J.UT1 Puradisc 25 TF disposable syringe filters pre-wetted using propan-2-
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01. The samples were then analysed by inductively coupled plasma atomiC emission 
spectrometry (ICP-AES). 
The main modification of the adsorption test procedure given in Chapter 3 is related to phase 
separation, as the zeolite needed to be removed from solution as quickly as possible. Since 
the centrifugation process takes 30 minutes, this was not a suitable method, particularly 
since contact time as short as 10 minutes were under investigation. Disposable syringe 
filters were chosen to prevent cross-sample contamination. The filter size needed to be 
small as some of the zeolite particles are in the colloidal size range, but also made of a 
material that would maintain its integrity when exposed to acidic or alkaline mixtures. After 
consultation with Whatman, PTFE Whatman Puradisc 25 TF filters were selected, with a 0.1 
Jlm pore size. These filters were hydrophobic, and required pre-wetting to pass aqueous 
liquids. All the filters were pre-wetted using 5 ml of isopropyl alcohol (propan-2-01) then 
flushed with 10ml of deionised water. If the syringe filters were pre-wetted before the 
samples to be phase-separated were removed from the shakers; the filtering process took 
less than 1 minute per sample. The equilibrium tests were also scheduled to minimise the 
number of samples that needed processing at the same time, to avoid excess standing time. 
To assess the effect of temperature, the batch equilibrium tests were performed in a 
temperature controlled shaking bath. 5 mg doses of the zeolite concerned were added to a 
fixed volume of deionised water (100 mlless the volume of heavy metal stock solution to be 
added subsequently) and the pH adjusted to pH 6.0. The initial heavy metal concentration of 
lead, copper, cadmium, nickel and zinc was 0.017 meq/I of each metal. The zeolite/metal 
mixtures were shaken for 2 hours in a Grant water bath at 1511C, 2211C and 3()11C then 
centrifuged for 30 minutes at 2000 rpm and the supernatant removed and subsequently 
analysed by ICP-AES. 
(5.3) Results 
(5.3.1) Single Metal Systems 
Heavy metal removals from single metal solutions are shown in figures 5.1 and 5.2. Lead 
uptake by both synthetiC zeolites is extremely fast, with nearly complete removal achieved 
after 10 minutes. Zeocros CA 150 removes in excess of 95% of the initial cadmium 
concentration within the first 10 minutes, although a slight decrease in removal is seen after 
two hours. Zeocros CG180 achieves slightly higher and more conSistent cadmium removal, 
in excess of 98%. Zeocros CA 150 shows high removal performance for zinc, but 
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fluctuations in removal are seen after 10 minutes, with removals varying between 88% and 
97%. Zeocros CG180 achieves lower removal rates, with a maximum removal of 89% 
obtained, removal is also slower than CA 150 with less selectivity for zinc. A peak zinc 
removal is achieved after a contact time of 2 hours. 
Fluctuations in removal are seen for copper with both zeolites, with Zeocros CA 150 showing 
a greater variation in removal as a function of contact time. Quite drastic fluctuations are 
seen at time periods of less than one hour, with almost complete removal achieved at 50 
minutes and 4 hours. Zeocros CG180 removal appears more uniform, but a dip is still seen 
in the removal curve after 40 minutes. In general, higher removal of copper is obtained in 
comparison to zinc and nickel. 
Nickel is the least preferred of the five heavy metals by both zeolites. Zeocros CA 150 
achieves a maximum removal of 31 %, with a relatively steady increase over the 4-hour 
contact period. CG180 removes slightly lower levels of nickel than CA150, achieving a 
maximum removal of 24% after 2 hours. The removal of nickel is less erratic than the other 
metals, but this may be due to the lower selectivity. Removal by Zeocros CG180 is slightly 
faster than by Zeocros CA 150 although lower removal efficiencies are obtained. 
In order to aid data interpretation, silicon and aluminium were analysed for the copper, 
cadmium and zinc systems. Average concentrations of sodium, silicon and aluminium are 
represented in Figures 5.3 and 5.4 in terms of millimoles per litre. For both zeolites, sodium 
release is much greater than either silicon or aluminium. Zeocros CA 150 releases more 
sodium than CG180, between 0.2 and 0.3 mmolll throughout the 4 hour period. Aluminium 
release is approximately a factor of 40 lower than for sodium and silicon approximately one 
order of magnitude lower, whilst silicon release is roughly double that of aluminium. Peaks 
in aluminium and silicon levels are seen at 10 and 40 minutes respectively for the zinc 
system and 40 and 50 minutes for the cadmium system, whilst the copper system shows 
maximum levels of both after 10 minutes. Cross-comparison with figure 5.1 shows a very 
erratic removal trend for the copper system, suggesting that the presence of substantial 
aluminium and silicon levels is related to variable heavy metal uptake. The high initial levels 
of aluminium and silicon imply that significant dissolution and hydrolysis may be occurring 
within the zeolite. 
Figure 5.4 shows that Zeocros CG 180 has a greater scatter in sodium release than CA 150. 
Slightly higher concentrations are present in solution, particularly for the cadmium system 
after 20 minutes. Again silicon release is greater than aluminium, but higher silicon levels 
are observed for CG 180 in comparison to CA 150. A wider range of silicon values are also 
seen, with peak values for both the cadmium and copper system after 20 minutes, and 30 
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Figure 5.1: Heavy Metal Uptake from Single Metal Solutions by 
Zeocros CA 150 as a Function of Contact Time 
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Figure 5.2: Heavy Metal Uptake from Single Metal Solutions by 
Zeocros CG180 as a Function of Contact Time 
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Figure 5.3: Silicon, Aluminium and Sodium Release by 
Zeocros CA 150 
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Figure 5.4: Silicon, Aluminium and Sodium Release by 
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minutes for zinc. Peak aluminium values are obtained after 20 minutes for the copper and 
cadmium systems and 40 minutes for zinc. In general, aluminium levels peak within the first 
hour of contact time and then subside. Silicon levels also experience an early peak, fall and 
then gradually rise again as contact time is increased. Sodium release peaks after 20 
minutes, and then reaches a plateau, at a level suggesting almost complete sodium 
exchange. 
Aluminium levels for both zeolites are similar after a l-hour contact period, after which 
removal appears to have stabilised for most of the metals studied. It must be emphasised 
that the loss of aluminium from the zeolite framework results in a loss of ion exchange 
capacity, as ion exchange sites are removed. As substantial decreases in metal removal are 
not seen, this would indicate either that the loss in capacity does not significantly affect the 
uptake of the metal since an excess of exchange capacity is present (approximately four-fold 
in comparison to the heavy metal ions). Alternatively, another solid phase may be formed 
that itself possesses some metal removal capability. These considerations are discussed in 
more detail in section 5.4 and Chapter 6. 
(5.3.2) Mixed Metal Systems 
Figures 5.5 and 5.6 illustrate the removal rates obtained from mixed heavy metal systems by 
Zeocros CA150 and Zeocros CG180 respectively. As with removal from single metal 
solutions, lead removal by Zeocros CG180 and CA150 is complete after 10 minutes, as 
residual lead levels in solution cannot be distinguished from the blank. A large decrease in 
cadmium removal by Zeocros CA 150 is seen at a contact time of 2 hours, with an increase 
up to approximately 100% after a further 2 hours of contact. In contrast, a decrease in 
cadmium removal efficiency is witnessed after 60 minutes for Zeocros CG 180, but unlike 
CA 150, subsequent contact times do not yield greater removal efficiencies than 36%. 
IncreaSing contact periods appear to have less of an effect on copper removal by Zeocros 
CA 150 than for cadmium and zinc. A decrease in removal of less than 10% is observed 
over the test period, with complete removal achieved by the end of 4 hours. Zeocros CG 180 
exhibits similar behaviour for copper removal as seen for cadmium, with a sustained 
decrease in uptake after an hour (falling to 66% removal) from 98% at 50 minutes. Removal 
rates fall a further 6% over the next 60 minutes, riSing to 75% after 240 minutes. Zinc 
removal by Zeocros CA 150 also follows the same pattern as seen for cadmium, with the 
same magnitude fluctuations seen, removal rising to 88% at 40 minutes but then falling to 
less than 40% after 2 hours and increasing to 80% after 4 hours. Zeocros CG180 removes 
less zinc than cadmium and lead, with a removal peak at 75%, falling to below 12% removal 
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Figure 5.5: Heavy Metal Uptake from Mixed Metal Solutions by 
Zeocros CA150 as a Function of Contact Time 
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Figure 5.6: Heavy Metal Uptake from Mixed Metal Solutions by 
Zeocros CG180 as a Function of Contact Time 
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after 120 minutes and gradually increasing to 18% removal after 240 minutes. Zeocros 
CA 150 demonstrates the same removal peak for nickel after 40 minutes as for cadmium, 
zinc and copper, but removal is lower than the other metals by a factor of 5. Removal does 
not exceed 22%, with a final removal rate of 10% after 240 minutes. Zeocros CG180 also 
shows a peak in nickel removal after 40 minutes, but removal falls to virtually nil 
subsequently. 
(5.3.3) Temperature Effect on Mixed Metal Systems 
The heavy metal uptake from mixed metal solutions by Zeocros CA150 and CG180 at 
temperatures between 15QC and 300C is illustrated in Figures 5.7 and 5.8. Lead removal by 
Zeocros CA 150 is in excess of 99% for all three temperatures studied (15QC, 22QC and 
300C)(Figure 4.7), hence increasing the temperature does not enhance removal. In contrast, 
nickel removal is low, and increasing the temperature does cause variations in the uptake by 
both zeolites. Zeocros CA 150 removes 34% at the lowest temperature, falling to 17% at 
22QC and subsequently rising to 29% at 30QC. This pattern can also be seen for copper, with 
almost complete removal at 15C and 300C, falling by approximately 5% at the intermediate 
temperature. Cadmium also reflects this trend, with a decrease of 11 % to 88% at the 
median temperature, with removal exceeding 99% at the extreme temperatures. Zinc uptake 
by CA 150 shows the greatest impact of increasing temperature, with zinc removals of 93%, 
71% and 92% at temperatures of 15QC, 22QC and 30QC respectively. 
Zeocros CG 180 displays a different trend for three of the five metals studied compared to 
Zeocros CA 150. Nickel removal increases from 8% to 20% as the temperature is increased 
from 15QC to 300C. Cadmium removal increases from 75% to 92% over the same 
temperature range, and zinc from 52% to 81 %. Removals of all three of these metals are 
lower by CG 180 than CA 150. Copper removal shows the same decrease at the median 
temperature. with removals of 94%, 85% and 97% as temperature is raised. Lead also 
displays this trend. unlike in the case of CA 150 which remained unaffected by the 
temperature increase. 
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Figure 5.7: Heavy Metal Removal from Mixed Metal Solutions by 
Zeocros CA 150 as a Function of Temperature 
Pb Ni Cu Cd Zn 
Figure 5.8: Heavy Metal Removal from Mixed Metal Solutions by 
Zeocros CG180 as a Function of Temperature 
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(5.4) Discussion 
(5.4.1) Determination of Analytical Variation 
In order to interpret the results obtained throughout the experimental programme, it is 
necessary to define some degree of "significanr variation. This is particularly difficult as 
three different ICP-AES instruments were used throughout the programme, each with 
individual sensitivities and detection limits. ASSigning the variation for each data point with 
respect to the individual instrument used is possible, but complex since different instruments 
have been used within each separate study. 
In terms of statistical analysis, given the nature of the experimental data, limited analysis can 
be performed. Given that at anyone experimental point, the comparison is made between 
two means of pairs (as all experiments were performed in duplicate), more sophisticated 
statistical theories such as the Student "r test cannot be applied on sample sizes of two. It 
was decided that the appropriate method of determining a significant difference would be to 
evaluate the analytical variation for each element studied. The complex nature of the zeolite 
hydrolYSis reactions, discussed more fully in subsequent chapters, also prevent other 
methods of determining experimental variation, such as comparison between duplicate batch 
equilibrium test samples. 
It was decided to use the data obtained from the certified reference materials analysed with 
each batch of samples to determine the analytical variation. These materials were matrix 
matched with the samples analysed, reducing any matrix effects that may occur. The 
relevant variations are summarised in Table 5.1. More detailed information on the certified 
reference materials has been presented in section 3.5.4. Relative standard deviations 
between 0.7% and 10.1 % are recorded for the suite of elements quantitatively analysed. It is 
necessary to define the analytical variation relative to the experimental results presented. 
(5.4.2) Effect of Contact Time 
Selectivity sequences obtained from the data indicate that lead is the most strongly preferred 
metal of the five studied for both zeolites and nickel the least (Table 5.2). It must be noted 
that a direct comparison between the single and mixed metal selectivity sequences for each 
zeolite is not strictly possible, as the initial concentrations of each metal in the mixed 
solutions are 20% of the single metal levels, although the total metal concentration is the 
same. In practice, the relative concentrations of the metals would affect selectivity although 
possibly not for lead. It appears that as long as the exchange capacity of the zeolite is not 
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Table 5.1: Measured Variations in the Analysis of Certified Reference Materials 
Element Certified Reference Standard Deviation RSO(%) 
Material mgJI meqJI 
Pb TMDA-54 0.02 0.0002 3.8 
Ni TMDA-54 0.02 0.0005 4.7 
Cu TMDA-54 0.02 0.0006 3.7 
Cd TMDA-54 0.01 0.0002 7.8 
Zn TMDA-54 0.03 0.0008 4.4 
Na ION-96 1.22 0.0532 2.7 
Ca ION-96 1.40 0.0700 1.4 
Mg ION-96 0.80 0.0662 3.3 
K ION-96 0.17 0.0043 4.1 
Si ION-96 0.02 0.0033 0.7 
AI TMDA-54 0.05 0.0057 10.1 
Fe TMDA-54 0.01 0.0004 2.7 
Table 5.2: Selectivity sequences for heavy metal uptake by synthetiC zeolites 
Zeocros CA 150 
Zeocros CG 180 
Single Metal Solutions 
Pb>Cd>Zn>Cu»Ni 
Pb>Cd>Cu>Zn»Ni 
Mixed Metal Solutions 
Pb>Cu>Cd>Zn»Ni 
Pb>Cu>Cd>Zn»Ni 
exceeded then lead will be removed in preference to the other metals, with complete 
removal achieved after 1 0 minutes of contact time. 
The erratic nature of copper removal by Zeocros CA 150 as a function of contact time may be 
a result of zeolite hydrolysis and breakdown. Since high levels of Silicon and aluminium are 
seen at the start of the study period, this could suggest that the zeolite structure is degraded, 
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reducing copper uptake by ion exchange. Since silicon and aluminium levels do not remain 
constant, another reaction must be occurring to remove these ions from solution. As 
mentioned in earlier chapters, is it is known that zeolites with low silicon-to-aluminium ratios 
will hydrolyse and dissolve readily in acidic conditions, and the dissolved silicon and 
aluminium may reprecipitate to form new degradation products (Allen 1983, Cook 1982, 
Wiers 1982, Harjula 1993a). If the zeolite is partly breaking down and newaluminosilicate 
materials are being formed, sorption could be occurring on the surface of these materials, 
which would explain the subsequent rise in removal rates. As not all the zeolite is likely to be 
degraded, ion exchange will still occur, and it would be reasonable to assume that the most 
preferred ions would be removed first. This would explain why lead and, to a lesser degree, 
cadmium appear to be unaffected by the increase of contact time. Additionally, it is known 
that the presence of some metals can increase the resistance of the zeolite framework to 
proton exchange and dissolution. This may be due to the relative affinity of each zeolite for 
protons as opposed to the other heavy metals present. The following chapter will investigate 
this phenomenon in more detail. 
The mixed metal systems are interesting as the competition between the metals mean that 
all the removals are interdependent. This can clearly be seen in the case of Zeocros 
CG180, where the response curves for copper, cadmium and zinc (and to a lesser extent 
nickel) clearly indicate the same trend (see Figure 5.6). If the data is manipulated to 
examine the total metal uptake (Figure 5.9), the metal uptake by CG180 as contact time 
increases peaks and then decreases after 20 minutes. It would be feasible to assume that 
Figure 5.9: Total Heavy Metal Uptake In Mixed Metal Systems as a 
Function of Contact Time 
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different hydrolysis reactions may occur as the test period increases, with subsequent peaks 
in removal possibly due to the formation and ensuing dissolution of degradation products. 
Another possible contributing factor could be proton exchange on the different exchange 
sites within the zeolite framework, as each type of site has different affinities. This could be 
an explanation as to why, distinctly, different areas of the uptake curve are present, as 
proton exchange may have occurred at some previously unreached sites. 
As the fluctuations in removal are seen in both single and mixed metal tests, the presence of 
some form of hydrolysislreprecipitation reactions seems probable. Whilst the extent of such 
reactions will differ according to the metals present in solution, it is clear for both zeolites, 
particularly CG 180, that additional reactions to just ion exchange are occurring. As each test 
is repeated in duplicate, all of the tests (except for lead) show significant fluctuations. This is 
too reproduceable to be due to an experimental error or analytical variation, and must be 
ascribed to properties of the materials. When also linked to the silicon and aluminium 
variations in solution, it seems that zeolite degradation is the most probable explanation for 
this phenomenon. The fairly sustained release of sodium throughout the contact period 
suggests that this may be due to proton exchange as a result of the addition of acid for the 
pH correction procedure, or ion exchange. It is not possible from this data to ascertain which 
mechanism is responsible, but further work in the next chapter provides more elucidation. It 
is also possible that differences in the sodium release could be a function of actual zeolite 
dosage variation. 
Further investigation to confirm whether zeolite hydrolysis and dissolution is occurring under 
these experimental conditions is suggested, in order to obtain a more detailed understanding 
of the phenomenon of hydrolysis and precipitation, with the use of x-ray diffraction to identify 
the crystalline phases present. Examining the effect of shorter contact times in more detail 
may also be illuminating, but this was not possible within the constraints of phase separation 
of the batch exchange test developed for the purposes of this doctoral work. It is possible 
that the use of column studies would provide further information but, as discussed in chapter 
3, this was not possible given the particle sizes of the two synthetic zeolites studied. These 
areas of investigation would require detailed investigation, particularly the effects of zeolite 
hydrolysis which, to date, are not well understood. 
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(5.4.3) Effect of Temperature on Mixed Metal Systems 
It must be emphasised that the purpose of this aspect of the study was not to provide a 
detailed investigation into the effect of temperature on the ion exchange mechanisms of the 
zeolite. The objective was to confirm that slight variations in room temperature do not have 
a significant impact upon removal. From an environmental engineering point of view, 
determining whether some form of temperature control would be required is an important 
aspect of any design process. It is also necessary to ascertain whether variations in room 
temperature would have any affect on the results obtained throughout the study period. 
Room temperature was logged throughout the experimental period, and varied between 
1811C and 2211C. It can be concluded that both synthetic zeolites are affected by variations in 
temperature, but in different ways. Zeocros CA 150 shows declines in removal efficiency at 
2211C in comparison to the other two temperatures studied. An obvious assumption to make 
would be that the ion exchange reaction would be enhanced by an increase in temperature 
rather than decreased. This is confirmed by studies using the natural zeolite clinoptilolite for 
lead and cadmium uptake (Malliou 1992, Malliou 1994), although higher temperatures were 
studied (25-5Q11C). The dip in removal illustrated in these results suggests that another 
mechanism must be involved to cause such a reduction. Given the possibility of concurrent 
zeolite hydrolysis and dissolution as discussed in the previous section, a possible hypothesis 
is that increasing the temperature enhances these reactions. This would also reinforce the 
fact that the two zeolites react differently to increases in temperature, as the hydrolysis 
behaviour of the two differs. 
The response of Zeocros CG 180 to increasing the temperature is perhaps the more 
interesting of the two materials, since two different trends can be observed. The expected 
increase in removal is seen for nickel, cadmium and zinc but the dip seen for CA150 is 
present for lead and copper removal. In the case of copper, this could be explained by the 
fact that the copper system seems the least stable of the five metals studied, but since the 
experiments are all with the mixed metal system, this is not a viable explanation. The 
corresponding decline in lead removal also negates this theory. The total metal uptake by 
Zeocros CG180 does increase with increasing temperature from 0.064 meq/I at 1511C to 
0.067 meq/I and 0.076 meqll at 22°C and 300C respectively. Removals obtained by Zeocros 
CA150 vary from 0.084 meqll to 0.073 meqll to 0.083 meqll as the temperature is raised. 
An alternative theory could be that the increase in temperature shifts the selectivity 
sequence of zeolites as the hydrolysis reactions are enhanced. If degradation products are 
produced, the affinity of these new aluminosilicates for the metals may be different from that 
of the original zeolite. 
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(5.5) Summary 
The objective of the study was to identify optimum contact time for each the zeolites in which 
the maximum removal possible could be obtained within the shortest time. From the results 
attained, a simple answer to this objective is not possible as the relationship between metal 
uptake and contact time is complex. With reference to previous studies investigating the 
effect of contact time, it is usual for heavy metal uptake to increase as the contact period 
increases until a plateau (or the operating capacity of the zeolite) is reached (Malliou 1992). 
This pattern is not reflected within the results gained for this study, which indicates that some 
other mechanism or reaction is involved in addition to ion exchange. From the variable 
levels of silicon and aluminium in solution, it seems probable that some degree of zeolite 
dissolution is occurring as a result of the system pH. As exchange capacity is lost as 
aluminium is removed from the zeolite framework, this could explain the erratic removal for 
cadmium, copper, zinc and nickel. 
Both Zeocros CA150 and Zeocros CG180 remove lead in preference to any of the other 
metals, and nickel least for all of the conditions studied. In single metal systems, CA 150 is 
more selective for zinc than copper, whilst the reverse is applicable for CG180. As all the 
five metals are introduced simultaneously into the system, the same selectivity sequence is 
observed for both of the zeolites, with copper being removed more preferentially than 
cadmium or zinc. 
Although no clear optimum contact time can be defined for either materials, it is clear that 
contact time is a critical parameter with these results possibly reflecting the kinetiCS of some 
form of zeolite dissolution reaction. A contact time of two hours was used throughout the 
rest of the experimental programme, but after interpretation of the compiled results from this 
study it seems likely that at this stage significant zeolite hydrolysis may have occurred if the 
zeolite slurries were corrected to pH 6.0. Comparison with test results from other sections of 
the experimental programme shows some variation under similar experimental conditions 
(discussed in Chapter 10), but this may be due to hydrolysis reactions as previously 
explained. 
The secondary study to assess the effect of varying room temperature indicated that 
increasing temperature by "JOC can cause variations in removal of up to 20% depending 
upon the metal and the material studied. Zeocros CA 150 shows a decrease in removal at 
the intermediate temperature of 22°C, but no consistent pattern was seen for Zeocros 
CG180. In practice, the rest of the experimental programme was performed at room 
temperature, which was recorded on a routine basis. Room temperature varied between 
18°C and 22°C, a smaller variation than used within the study, suggesting that the actual 
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variations experienced in the rest of the work could be much lower. This is, however, a 
possible contributory factor for variations seen between different test results (see Chapter 
10). 
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Chapter 6 
,i.: __ _ 
Study into the Effect of pH on Heavy Metal Removal 
(6.1) Introduction 
As discussed in the previous chapters, pH is a critical parameter when considering heavy 
metal removal by zeolites. Not only does it have implications on zeolite stability but also the 
mechanism of metal removal. As precipitation is a predominant mechanism of heavy metal 
removal at pH levels above pH 6.0, it is necessary to determine the degree of removal 
resulting from alkaline conditions and that arising from the presence of the zeolite. 
The objective of this study is firstly to determine the optimum pH for metal removal for each 
of the metals studied and secondly to demonstrate which removal mechanism (precipitation 
or ion exchange) is predominant under specific pH conditions. Finally, it is also intended to 
elUCidate some of the results obtained in the previous chapter concerning the stability and 
hydrolysis of the zeolites. 
(6.2) Experimental Procedure 
The standard procedure for the batch equilibrium test detailed in Chapter 3 was followed 
throughout for this study, except that the pH of zeolite slurry was adjusted to pH levels 
between 4 and 8 as required. Doses of concentrated metal stock solutions were added to 
make up to the desired initial metal concentration. Varying concentrations of analytical 
reagent grade nitric acid were used to adjust the sample pH. Initial heavy metal 
concentrations of 0.088 meq/I and 0.017 meq/I were used for single and mixed metal studies 
respectively. Metal control samples were prepared using nitric acid and ammonium 
hydroxide to adjust the pH as necessary. All samples were shaken for 2 hours at 500 
osc/min at room temperature and centrifuged for 30 minutes at 2000 rpm to separate the 
zeolite solids from solution. Heavy metal concentrations were determined in the 
supernatant solutions by ICP-AES. 
Silicon, aluminium and sodium concentrations were determined for the copper, cadmium and 
zinc single metal systems and also for the zeolite control samples with no metals present. 
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(6.3) Results 
(6.3.1) Single Metal Systems 
Figure 6.1 shows the results obtained for lead removal by Zeocros CA 150 and Zeocros 
CG180. Zeocros CA150 shows lower removal at pH 4.0 than Zeocros CG180, achieving a 
removal below 40% in comparison to 67% for CA 150. As the pH is raised, little difference is 
seen between the two zeolites, with almost complete removal as pH 5.0 is exceeded. The 
only exception to this is the results obtained for Zeocros CA 150 at pH 6.0, where lower 
removals were observed. Precipitation begins at pH 6.0 in the system with no zeolite 
present and pH adjustment with ammonium hydroxide is applied, with 12% removal attained. 
As the pH rises to pH 8.0, approximately 80% of the lead is removed as a result of lead 
hydroxide precipitation. These results demonstrate that at pH 6.0 and below, the principal 
removal mechanism is ion exchange as opposed to precipitation. 
Maximum nickel removal is achieved at pH 8.0, with Zeocros CA 150 achieving 67% and 
Zeocros CG180 60% (Figure 6.2). Zeocros CA150 appears slightly more effective than 
CG180 throughout the entire pH range, with no significant differences between the two 
materials observed. When considering only the nickel system with no zeolite present, 
adjusting the pH with ammonium hydroxide achieves less than 3% removal up to pH 8.0. 
This finding again demonstrates that nickel removal by both Zeocros CA 150 and Zeocros 
CG180 is governed by ion exchange rather than precipitation. 
Similar behaviour for both the zeolites is seen again with the copper system, with less than 
5% of the initial copper removed at pH 4.0 for both Zeocros CG180 and Zeocros CA150 
(Figure 6.3). As the pH is increased to pH 4.5 removal by CA150 exceeds that of CG180, by 
approximately 20%. At pH levels above pH 5.5, copper removals in excess of 85% are 
achieved for both zeolites, with greater than 95% removal by Zeocros CA 150 at pH 8.0. 
Zeocros CG180 is slightly more selective for copper than CA150 at higher pH, removing 
greater than 68% of the copper as pH 6.0 is reached. If neither zeolite is introduced into the 
system, less than 50% of the copper is removed as a result of raising the pH to pH 8.0, 
although precipitation starts to occur above pH 6.5. As with lead and nickel, at pH levels 
around 6, ion exchange is the dominant removal mechanism for copper. 
The cadmium removal achieved by Zeocros CA150 and CG180 is presented in Figure 6.4. 
Cadmium uptake from single metal solutions by CG180 is much more adversely affected in 
acidic conditions than for CA 150, with only 17% removed at pH 4.0 as opposed to 50%. 
Zeocros CA 150 demonstrates higher affinity for cadmium throughout the pH range studied. 
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Figure 6.1: Lead Removal from Single Metal Solutions as a Function 
of pH 
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Figure 6.2: Nickel Removal from Single Metal Solutions as a Function 
of pH 
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Figure 6.3: Copper Removal from Single Metal Solutions as a 
Function of pH 
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Figure 6.4: Cadmium Removal from Single Metal Solutions as a 
Function of pH 
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Figure 6.5: Zinc Removal from Single Metal Solutions as a Function 
of pH 
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Both zeolites achieve almost complete removal when the initial pH of the zeolite slurry 
exceeds pH 6.0, with greater than 97% removal reached after pH 6.5 and removal primarily 
by ion exchange. 
Zinc removal from single metal solutions seems to be the most affected by decreasing the 
pH of the zeolite Slurry, with Zeocros CG 180 experiencing a sharp decrease from 68% 
removal to below 20% as the pH is reduced from pH 6.0 to pH 5.5 (Figure 6.5). Zeocros 
CA150 shows a similar sharp reduction in removal as the pH falls below pH 5.5. The most 
significant differences between the two zeolites are obtained at pH 5.5 with Zeocros CA 150 
removing an additional 60% in comparison with CG180, whilst at pH 6.0 CG180 removes 
approximately 70% of the initial cadmium compared to Zeocros CA 150 removing in excess 
of 95%. Adjusting the pH with ammonium hydroxide up to pH 8.0 removes less than 10% of 
the zinc with no zeolite present. It must be emphasised that for all the metals studied in 
single metal systems, ion exchange appears to be the chief removal mechanism, even at pH 
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levels reaching pH 8.0. 
Additional information on the silicon, aluminium and sodium releases from the zeolites was 
obtained for the copper, cadmium and zinc single metal systems (Figures 6.6-6.11). In 
terms of aluminium release, the highest aluminium levels were found at pH 4.0 for the 
copper system with Zeocros CA 150, at 0.028 mmoi/i. The aluminium levels drop at pH 4.5, 
then continue to rise slightly as the pH is raised to pH 8.0. Not much variation is seen in the 
cadmium system, with negligible aluminium release at pH 4.0, rising to 0.0025 mmol/l at pH 
8.0. The zinc system is perhaps the most interesting to study, with a substantial peak of 
0.028 mmol/l seen at pH 5.5, then a drop to negligible solution levels at pH 6.0. As the pH 
rises above pH 7.0, the aluminium concentration rises from less than 0.002 mmol/l to 0.007 
mmoVI at pH 8.0. 
Aluminium release from Zeocros CG180 is substantially higher than Zeocros CA 150, with 
concentrations in solution varying greatly throughout the pH range (Figure 6.7). High 
aluminium levels are seen for both the copper and cadmium systems. At pH 4.0, both the 
zinc and copper systems release approximately 0.04 mmol/l of aluminium into solution, with 
a big increase to between 0.032 and 0.041 mmol/l as the pH is raised to pH 5.5. In 
comparison, the figures for the copper systems are much lower. The system with only 
zeolite and no heavy metals present shows the lowest release at pH 5.5, but by pH 8.0 it 
releases the most substantial quantity of aluminium into solution, followed by the copper 
system. It is important to note that at pH 6.0, aluminium release for all the systems studied 
is below 0.005 mmoVl, a significant decrease in comparison to the lower pH conditions. 
Analysing the silicon data for Zeocros CA 150 indicates that the highest silicon releases are 
for the copper system at pH 4.0 (Figure 6.8). Again the zeolite control system shows the 
lowest silicon release, but the rate of increase as the pH is raised is much lower than for 
aluminium. The same peak in silicon concentration is seen at pH 5.5 as for aluminium, then 
a subsequent drop and gradual increase in levels until pH 8.0. At the highest end of the pH 
range, the copper system produces the highest silicon release, and in general silicon release 
at this point is higher than the corresponding aluminium levels for all of the systems studied. 
Zeocros CG180 releases much greater levels of silicon into solution than CA150, again with 
the discharge of silicon exceeding that of aluminium (Figure 6.9). At the lowest pH studied, 
pH 4.0, more than 0.09 mmoVI of silicon is released for the copper system compared to 0.04 
mmol/l for the corresponding CA150 system. Much higher levels of silicon are present for 
the zinc system than for CA 150 at 0.075 mmoi/l. Levels for the cadmium system and the 
zeolite alone are 0.048 mmol/l and 0.024 mmolil respectively at this pH. As the pH is raised 
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Figure 6.8: Silicon Release from Zeocros CA150 as a Function of pH 
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Figure 6.9: Silicon Release from Zeocros CG180 as a Function of pH 
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Figure 6.10: Sodium Release from Zeocros CAl50 as a Function of 
pH 
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Figure 6.11: Sodium Release from Zeocros CGl80 as a Function of 
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to pH 5.5, the same peak in silicon levels is seen for all the systems, although it is most 
pronounced for zinc and cadmium. When compared to the removals obtained for zinc and 
cadmium (Figures 6.4 & 6.5), this does correlate with a decrease in removal efficiency. As 
the pH becomes neutral, silicon levels steady, with the copper system releasing the highest 
concentrations followed by cadmium then zinc and finally the zeolite control system. 
Figures 6.10 and 6.11 show the release of sodium as a function of pH from Zeocros CA 150 
and Zeocros CG180 respectively. Zeocros CG180 releases greater levels of sodium into 
solution than Zeocros CA 150, with significantly higher levels released from the heavy 
metallic systems than by the zeolite systems alone. This suggest that some of the sodium 
release must be from the ion exchange reactions with the metallic ions as opposed to proton 
exchange from the pH adjustment procedure as previously suggested in Chapter 5. 
It is hard to differentiate between the sodium release from the metallic systems, with Zeocros 
CA150 releasing approximately 0.33 mmolll at pH 4.0 and Zeocros CG180 releasing 
between 0.35-0.4 mmolll depending upon the metal species. At the other end of the pH 
range, both zeolites release around 0.25 mmolll of sodium, except for the case of the zeolite 
only systems, where 0.05 mmolll of sodium are released. A slight peak in sodium levels can 
be seen at pH 5.0 for Zeocros CA 150 for the metal systems, and at pH 5.5 for CG 180. 
After studying the results obtained for the metal systems without zeolites adjusted with 
ammonium hydroxide, the removals obtained by increasing pH alone appeared lower than 
antiCipated. An additional study was performed to determine whether the use of an 
alternative buffering agent would affect the heavy metal removal by precipitation. Metal 
control samples were adjusted to pH 6.0 and pH 8.0 using sodium hydroxide solution 
(NaOH). All samples were shaken and separated by the same procedure as used for the 
metal solutions corrected by ammonium hydroxide (NH40H). The results for the single metal 
solutions are shown in Figure 6.12. Little difference is observed for the single metal systems 
at pH 6.0, with negligible removal for most the metals studied with the use of either reagents. 
The only exception is lead, where the use of ammonium hydroxide removes 12% of the lead, 
increasing to 24% of sodium hydroxide is used. 
At pH 8.0, the lead system adjusted with ammonium hydroxide shows approximately 80% 
reduction in lead concentration, but if sodium hydroxide is used the removal is reduced to 
40%. When considering the nickel system with no zeolite present, ammonium hydroxide 
achieves approximately 3% removal at pH 8.0, in comparison with 30% if sodium hydroxide 
is used. However, the most marked difference between the two buffering reagents is seen 
for copper, as less than 50% is removed when ammonium hydroxide is applied, in 
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Figure 6.12: Comparison of Heavy Metal Precipitation from Single 
Metal Solutions using Sodium and Ammonium Hydroxide 
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comparison to complete removal at pH 8.0 if sodium hydroxide is used. At the highest pH, 
sodium hydroxide removes approximately 25% of the cadmium present, whilst the impact of 
adding ammonium hydroxide is negligible. The addition of ammonium hydroxide to the zinc 
solution removes less than 10% of the zinc, whilst using sodium hydroxide can remove a 
further 25%. This suggests that greater levels of precipitation may be occurring at pH 8.0 
than previously suggested when ammonium hydroxide was used, but ion exchange is still 
the predominant removal mechanism at pH 6.0. 
(6.3.2) Mixed Metal Systems 
Inferior lead removal is displayed by Zeocros CA150 in comparison to CG180 at pH 4, with 
CG180 removing approximately 95% of lead from the mixed metal solution compared to 70% 
removal by CA 150 (Figure 6.13). This reiterates the trend observed for the single metal 
solutions. As the pH reaches pH 6.5, the amount of lead removed by Zeocros CG180 falls 
from nearly complete removal to 73%. Upon comparison with the ammonium hydroxide 
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buffered solution, a similar decrease is observed at this point, with removal as a result of pH 
alone falling from 50% to less than 15%. At pH 8.0, adjusting the pH of the metal control 
samples results in lead removal of 17%. 
At slurry pH levels above pH 6.5 both synthetic zeolites demonstrate significant increases in 
nickel removal (Figure 6.14). The system with no zeolite present removes negligible levels 
of nickel as a consequence of raising the pH to 8.0. As 83% of the nickel and greater than 
99% is removed by Zeocros CG180 and CA150 respectively, some of this removal at pH 8.0 
must be as a result of ion exchange by the zeolites rather than due chemical precipitation. 
At pH 4.0 however, virtually none of the nickel is removed by either zeolite. It is important to 
note that the removal of nickel from mixed solutions is greater than that from single metal 
solutions, which suggests that its removal is not diminished by the presence of other heavy 
metals. It is possible that the nickel may be forming complexes with the other metals in 
solution, and the complexes are then either precipitated or ion exchanged. 
Copper removal by Zeocros CA 150 is approximately 15% at pH 4.0, rising to above 98% at 
pH 5.0 and remaining constant up to pH 8.0 (Figure 6.15). Removal by Zeocros CG180 is 
much more variable, repeating the variation seen in the previous chapter in the contact time 
study. Less than 10% is removed at pH 4.0, riSing to above 70% at pH 5.0. Dips in removal 
are seen at pH 5.5 and pH 6.5, with removals in excess of 98% at pH 7.0 falling to 85% at 
pH 8.0. This trend is also repeated for the system with no zeolite present. At pH 6.0, the 
ammonium hydroxide system removes 38% of the initial copper, falling to 22% at pH 8.0. In 
comparison with the single metal solution results, it can be seen that the removal by CG180 
is much more erratic for the mixed metals, which could be linked with the zeolite stability 
problems already suggested in previous chapters. 
At pH 4.0 and 4.5, cadmium uptake by both zeolites is similar (Figure 6.16). As the pH 
increases, Zeocros CA 150 exhibits a more efficient removal performance, with a removal in 
excess of 90% at pH 5.0 compared to 33% for CG180. As the pH rises to 6.0, Zeocros 
CG180 removes more than 65% of the cadmium, but almost complete removal is achieved 
by CA 150. With no zeolite present, the effect of adding ammonium hydroxide to the system 
to raise the pH to 8.0 is negligible, where almost complete removal is achieved by both of the 
zeolites. Again, removal here is chiefly by ion exchange rather than precipitation. 
Figure 6.17 shows Zeocros CA 150 to be less affected by decreasing pH than Zeocros 
CG180 when evaluating zinc uptake. At the low pH range, CA150 shows enhanced 
performance in comparison to CG180 by about 5%, but at pH 5.0 the difference between the 
two zeolites increases to 55%. Zeocros CG180 removes similar levels of zinc at pH 5.0 and 
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Figure 6.13: Lead Removal from Mixed Metal Solutions as a Function 
of pH 
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Figure 6.15: Copper Removal from Mixed Metal Solutions as a 
Function of pH 
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Figure 6.17: Zinc Removal from Mixed Metal Solutions as a Function 
of pH 
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5.5, something also reflected in the total heavy metal uptake displayed in Figure 6.18, while 
Zeocros CA 150 removes most of it. As the pH increases to pH 6.0, CG180 removes 
approximately half of the original zinc concentration, whilst the removal by Zeocros CA 150 is 
almost double that figure. By pH 7.0 however, both zeolites remove practically all of the 
initial zinc content. Using ammonium hydroxide to adjust the metal control samples has a 
negligible effect, even at pH 8.0. 
As a final analysis, when the total metal uptakes of the two zeolites are compared, it is clear 
that Zeocros CA 150 removes greater levels of metals than Zeocros CG180 between pH 4.5 
and pH 6.0. This correlates with similar results from the contact time study. Removals at pH 
4.0 and pH 4.5 are similar between both zeolites, but as discussed in the follOwing section, 
substantial zeolite dissolution is likely under these conditions. Zeocros CG180 does show a 
peak in removal at pH 6.0, but at the higher pH conditions, similar removals are obtained by 
both zeol ites. 
A similar study was performed for the mixed metal control solutions as with the single 
metals, comparing the use of sodium and ammonium hydroxides as pH adjustment 
reagents. The results are shown in Figure 6.19. Lead removal decreases as the pH is 
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increased when ammonium hydroxide is used, although no corresponding fall is seen for 
sodium hydroxide. A similar decrease in copper removal is observed for the ammonium 
hydroxide system as for lead, but the sodium hydroxide system remains unaffected with 
almost complete removal. At pH 6.0, the sodium hydroxide system removes 22% of the 
initial copper, and the ammonium 38%. 
After comparison with the levels of nickel removed as a result of sodium hydroxide addition 
alone, 78% of the initial nickel is removed although ammonium hydroxide addition removes 
negligible amounts. Precipitation due to the addition of sodium hydroxide is greater for the 
mixed solutions than single metal solutions. This may be a result of a coprecipitation 
mechanism where the combination of certain metals can enhance removal in comparison to 
the removal for each metal treated individually, particularly since increased removal is also 
seen for other metals in this case. The effect of sodium hydroxide and ammonium hydroxide 
on the cadmium control samples is negligible at pH 6.0, rising to only 11 % for the sodium 
system at pH 8.0. For zinc at pH 8.0, the effect of adding sodium hydroxide to the metal 
control sample is a 75% reduction in the zinc concentration, compared to a negligible effect 
when ammonium hydroxide is added. As with nickel, this removal is enhanced in 
comparison with the single metal solutions, and may also be due to a coprecipitation effect. 
(6.4) Discussion 
After analysis of all the metal/zeolite systems, it is evident that the removal performance of 
Zeocros CG 180 is less under low pH conditions (below pH 5.0) than for Zeocros CA 150. 
The only exception to this rule is in the case of lead. Given than significantly higher 
concentrations of both silicon and aluminium are released by Zeocros CG1 80, a reasonable 
hypothesis would be that zeolite dissolution is occurring, with CG1 80 dissolving faster in 
acidic conditions than CA150, as consistent with the zeolite morphology. As discussed in 
the literature review section, zeolites with low silicon-to-aluminium ratios such as Zeocros 
CA150 and CG180 are prone to acid attack (Cook 1982). Many other authors have reported 
the incongruent dissolution of silicon and aluminium seen for both of these materials (Lehto 
1995, Cook 1982, Dyer 1988). As the zeolites dissolve, new degradation products are 
formed. Given the similar chemistry of both zeolites, it is most likely that both zeolites would 
exhibit the formation of degradation products at the same pH. A critical pH seems to be pH 
5.5, as reproducible peaks in both aluminium and silicon levels are seen in many of the 
systems for both zeolites, particularly CG180. The physical nature of CG180 would 
encourage greater dissolution, as the material has a much greater surface area than 
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Zeocros CA 150 does. The scanning electron microscopy analysis in Chapter 4 confirmed 
that CG 180 particles are agglomerations of smaller crystallites, and as more of the surface is 
easily accessible the material would be more prone to acid attack. Zeolites with larger pore 
sizes are also more vulnerable to internal dissolution, as seen in a study performed using 
zeolites 4A and 5A (Cook 1982). 
It is believed that at pH levels above pH 6, no significant dissolution of the zeolite is 
occurring. Between pH 5.5 and 6.0, it is suspected that proton exchange induces zeolite 
dissolution, and aluminium and silicon are released into solution. Between pH 5.0 and 5.5 
reprecipitation of the aluminium and silicon appears to occur, but these degradation products 
are believed to dissolve as the pH falls below pH 5.0. The above hypothesis can be 
supported by both the experimental results and consideration of the solubility of silica and 
aluminium hydroxides with respect to pH. In dilute solutions, H4Si04 dissociates to form 
H2Si04' only at pH levels above 8.0 (Figure 6.20). Over the pH range studied (pH 4 - 8) 
therefore, the solubility of the silica should not be appreciably affected by the solution pH. 
The variations in silicon concentrations in solution must therefore be related to some other 
reaction rather than the precipitation of amorphous silica. 
The speciation of aluminium hydroxide species with respect to pH is more complex. Figure 
6.21 illustrates the activity of various aluminium species as a function of pH. The activity can 
be directly correlated to the concentration of aluminium, as the two parameters are related 
according to equation 6.1 . 
a =y. C (6.1) 
where a represents the activity of an ion or molecule (molll), C the concentration (molll) and 'Y 
the activity coefficient (Sawyer 1978). The activity coefficient is a function of the temperature 
and ionic strength of the solution (Schnoor 1996). At pH 8, therefore, the predominant 
aluminium species is likely to be AI(OH)3o in dilute solutions. Below pH 5.7 and above pH 
4.65, a cationic aluminium species AI(OH)2 + is expected to predominate, whilst below pH 
4.65 the trivalent aluminium cation (AI3+) is expected (Faure 1991). 
If the solubility of aluminium hydroxide species is compared to the aluminium release 
observed in solution (Figures 6.6 and 6.7), a correlation can be made with the aluminium 
species. Aluminium levels are generally low for both zeolites between pH 6 and 7, 
suggesting either that little aluminium is released from the zeolite, or that the aluminium is 
precipitated (possibly as AI(OH)3° or gibbsite). At pH 5.5 peaks in solution aluminium are 
seen, which may be related to the predominance of the cationic aluminium species AI(OH)2 +. 
At pH 5, however, aluminium levels in solution drop sharply, suggesting precipitation is 
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Figure 6.20: Solubility of silica (Faure 1991) 
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occurring. A similar decrease is observed at pH 5.0 for silicon (Figures 6.8 and 6.9), 
indicating that a new aluminosilicate product may be precipitated. Below pH 5, it suggested 
that precipitates may start to dissolve, releasing trivalent aluminium and H4Si04 into solution. 
This hypothesis does correlate with apparent "peaks" in heavy metal removal at pH 5.0 
observed for cadmium and copper removal by CG180 and copper removal by CA150, as the 
aluminium hydroxide precipitate may have some adsorptive capacity. Below pH 5.0, heavy 
metal uptake in all systems decreases, correlating with the theory of total dissolution. 
As discussed in section 2.5.6, previous work in the area by Cook (1982) suggests that 
halloysite (AI2SiOs (OH)4) is the ultimate degradation product of zeolite 4A, according to 
reactions 6.2 and 6.3. 
12H4SI04 + 12AJ(OHh (a) ~ 6AJ~I05 (OH)4 (8) + 3OH20 (6.3) 
(Cook 1982) 
As greater concentrations of silicon and aluminium are released from Zeocros CG180 in 
comparison to CA 150, it is possible that more degradation products may be formed, as there 
are more ions available in solution. This could perhaps explain why more peaks appear for 
CG180 at pH 5.5 than for CA150, as more of the ions may then be consumed at pH 6.0 by 
the formation of new aluminosilicate products. It is also possible that if subsequent 
degradation products are formed, they may have lower affinity for copper than the zeolite 
solids, which would explain the sharp decrease in removal observed for the copper systems. 
The implications of dissolutionlreprecipitation reactions are that it appears that significant 
hydrolysis may occur at pH 6.0, resulting in some loss of heavy metal removal capacity for 
both Zeocros CA150 and CG180. Metal removal still occurs, however, although at pH 5.0 
some of this removal may be due to adsorption onto the reprecipitated aluminosilicate solids 
rather than by ion exchange. It must be emphasised, however, that only a fraction of the 
zeolite solids are appear to be affected by the hydrolysis reactions at pH 6.0. 
With reference to the previous study into the effect of contact time, if pH's 5.5 to pH 6.0 are 
critical pH levels for the formation of degradation products this would explain many of the 
fluctuations seen as contact time increases. It is possible that a similar experiment 
performed at pH 7.0 or above would not produce such variations, but separating the effect of 
the zeolite addition to that of precipitation resulting from the increasing pH would be 
impossible. If the pH is increased above pH 8.0, hydronium exchange can result in 
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dissolution of the zeolite framework (as discussed later in this section), and at operational pH 
levels below pH 6.0 significant dissolution of the zeolite frameworks occurs. 
It has already been stated that as sodium release is approximately three times greater from 
the metallic systems than for the zeolite alone, this is likely to be due to an ion exchange 
reaction with the metal cations rather than proton exchange. This could be explained by the 
different types of cation exchange sites present within the zeolite frameworks (see Chapter 
2). There was some concern that the pH adjustment procedure may cause proton exchange 
of the zeolites, so that the zeolites are in a hydrogen form (Le. H-A and H-MAP) at the point 
at which the heavy metals are introduced into the system. As only one third of the sodium 
ions are displaced when no heavy metals are present, this suggests that protons can only 
displace some of the sodium ions from the frameworks. Displacement from the rest of the 
sites seems only to be possible by the addition of heavy metals, implying that the zeolites 
may have a higher affinity for these metallic cations than for hydrogen ions. This is 
consistent with the general rule that zeolites have a higher selectivity for divalent ions over 
monovalent ions (Breck 1974). It must be emphasised that if zeolite dissolution does occur, 
the theoretical exchange capacity of the zeolite cannot be reached since dealumination 
removes the residual framework charge. 
An additional hypothesiS for the apparent loss of exchange capacity at pH 6.0 could be that 
localised dissolution of the zeolite occurs during some of the batch equilibrium tests. Whilst 
considerable care was taken throughout the pH adjustment procedure to avoid inconsistent 
and aggressive pH dosing that causes pH to fall sharply, it may not have been possible to 
completely eliminate it. Control of the hydrolysis reactions of the zeolites is practically 
impossible, and only careful acid addition could mitigate this effect. 
At the other end of the pH range studied, the phenomenon of hydronium exchange must be 
considered. As the water ions dissociate to form hydronium ions (HaO+), exchange can 
occur within the zeolite framework, releasing exchangeable and hydroxide ions. The 
framework subsequently starts to dissolve and the formation of silicic acid leads to silicate 
ions in solution (Harjula 1993b). Within the systems studied, the release of hydroxide ions is 
likely to aid the precipitation reaction, detracting from removal by ion exchange. It does 
seem that the presence of the heavy metals within the zeolite framework inhibits hydronium 
exchange and subsequent zeolite dissolution, as aluminium levels in solution are much 
higher for the zeolite only systems than the metallic ones. After consulting the literature 
(Cook 1982, Lehto 1995), greater concentrations of sodium released into solution were 
expected than observed tor all the systems within this study if hydronium exchange and 
subsequent dealumination and dissolution of the zeolite framework occurs at pH 8.0. Since 
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lower sodium levels are present than anticipated it is possible that sodium may be being 
precipitated with the metals or perhaps adsorbed onto any zeolite degradation products. 
Comparison with Figure 6.21 indicates that below pH 8.0, AI (OH)3° is predominant, but the 
amphoteric nature of aluminium hydroxide causes the solubility to increase above pH 8 
(Faure 1991), correlating with the increase in aluminium levels observed at pH 8.0 for 
Zeocros CA150 and CG180. 
The nature of buffering agent used to adjust the pH of the metal control samples is clearly 
important. Significant increases in precipitation were observed for the systems adjusted with 
sodium hydroxide compared to the ones adjusted with ammonium hydroxide. This 
correlates with the fact that ammonium hydroxide is a weaker base than sodium hydroxide, 
and as such dissociates less readily (Benefield 1982, Sawyer 1978, Stumm 1970). Sodium 
hydroxide is almost completely ionised in dilute solutions, whilst ammonium hydroxide is a 
weak electrolyte and thus poorly ionised. This is reinforced by the dissociation coeffiCients 
for each of the bases: the log dissociation constants for ammonium hydroxide and sodium 
hydroxide at 250C are ~.7 (Krauskopf 1979) and -0.57 (Sill en 1964) respectively. 
Another factor of interest is that for both lead and copper in the mixed metal systems the 
removal efficiency at pH 8.0 is lower than that at pH 6.0 when ammonium hydroxide is used. 
At the higher pH, the use of ammonium hydroxide may inhibit the precipitation reaction, as 
more metal complexes may be formed (possibly with other species of ammonium) which 
precipitate less readily than metal hydroxides (Pourbaix 1974). The lower removals for 
copper and lead at the top pH can also be seen in the mixed metal system for Zeocros 
CG180. If these metals do form other complexes at this pH, Zeocros CG180 will not remove 
all of these species either by ion exchange or as a precipitant, but Zeocros CA 150 can 
achieve complete removal. 
cadmium is the metal least affected by increasing pH irrespective of the buffering reagent 
used. This can be explained with reference to Figure 3.1 (presented in Chapter 3), 
illustrating the solubility of metal hydroxides with respect to increasing pH. Cadmium 
hydroxides do not become particularly insoluble until the pH is raised above pH 9.0. This 
figure can also be used to explain the higher removal of copper by precipitation as copper 
hydroxide becomes insoluble above pH 6.0. This corresponds to the data seen in Figure 
6.19 for adjustment with sodium hydroxide. Zinc and nickel hydroxides remain in solution 
until pH 8.0, explaining their lesser removal in single metal solutions. That a greater degree 
of these metals are removed in the mixed metal solutions again implies that some form of 
co-precipitation mechanism may enhance their removal. 
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Comparing removal efficiencies from the single and mixed metal systems, where Zeocros 
CA 150 demonstrates increased removal over Zeocros CG 180 for single metal solutions, this 
difference is enhanced in the mixed metal systems. This may be due to the apparently 
greater dissolution of Zeocros CG180, and the relative selectivities of possible degradation 
products or to the competition for ion exchange sites when more than one type of heavy 
metal ion is present. 
It is suggested that a more detailed investigation into the suspected hydrolysis and 
degradation of Zeocros CA150 and Zeocros CG180 may be valuable to fully understand the 
removal mechanisms involved below pH 6. Characterisation of any degradation products 
would provide more insight into the dissolution process, although a combination of 
characterisation techniques such as XAD, electron microscopy, infrared spectroscopy and 
XAF may be required. Whilst comparison can be made with other published work in this 
area (Cook 1982), it is recognised that it focuses upon the long term fate of zeolite A. An 
understanding of the degradation of Zeocros CA150 and CG180 over short time periods may 
be necessary in terms of their application as a treatment technology, as contact time are 
unlikely to exceed two hours. No previous work has examined the dissolution of zeolite P. 
(6.5) Summary 
Identifying an optimum operational pH is not a simple process. It can be concluded that 
between pH 4.5 and pH 7.0, Zeocros CA150 displays enhanced heavy metal removal 
performance than Zeocros CG 180 from single metal solutions. The selectivity sequences for 
both Zeocros CA150 and Zeocros CG180 are given in Tables 6.1 and 6.2. Unlike the 
previous study evaluating the effect of contact time, lead is not always the most preferred 
ion, depending upon the zeolite used and the pH evaluated. As with the contact time study, 
erratic removal curves are seen with increasing pH, suggesting that a simple combination of 
ion exchange and precipitation mechanisms may be accompanied by other complex 
reactions. No clear optimum pH can be identified. 
Table 6.1: Selectivity sequences for Zeocros CA 150 
pH 4.0 
pH 6.0 
pH 8.0 
~~~~~~------~~~~~~-------Single Metal Systems Mixed Metal Systems 
Cd>Pb»Zn>Ni>Cu 
Cd>Zn>Pb>Cu»Ni 
Pb>Cu>Cd>Zn»Ni 
Pb»Cu>Zn>Cd>Ni 
Pb>Cd>Cu>Zn»Ni 
Pb=Cd=Cu=Zn=Ni 
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Table 6.2: Selectivity sequences for Zeocr05 CG180 
Single Metal Systems 
pH 4.0 
pH 6.0 
H 8.0 
Pb»Cd>Cu>Ni>Zn 
Pb=Cd=Cu»Zn»Ni 
Pb>Cu>Cd>Zn»Ni 
Mixed Metal Systems 
Pb»Cu>Cd>Zn>Ni 
Pb>Cu>Cd>Zn»Ni 
Cd=Zn>Pb>Cu>Ni 
Examination of the silicon and aluminium concentrations in solution for the copper, cadmium 
and zinc systems provides a greater insight into the impact of varying pH on heavy metal 
removal. For both zeolites, silicon release greatly exceeds aluminium release over the entire 
range of pH studied. This incongruent release mechanism is also seen elsewhere in the 
literature (Allen 1983, Cook 1982, Drummond 1983, Harjula 1993a, 1993b, 1993c, 1993d), 
alongside a decrease in exchange capacity, as the zeolite frameworks are dealuminated. 
The zeolite structures appear to be dissolving as the pH is dropped, with high levels of the 
framework ions in solution at pH 4.0, and clear peak concentrations of silicon and aluminium 
seen at pH 5.5 for both of the zeolites. At pH 6.0 and above, silicon and aluminium falls and 
stabilises, suggesting changes in the zeolites. Previous work has proved that halloysite and 
other transitional degradation products are formed from zeolite 4A in acidic conditions as the 
zeolite structure dissolves and new aluminosilicate complexes are precipitated (Cook 1982). 
In alkaline conditions, it is recognised that hydronium exchange with the zeolite frameworks 
occurs, also leading to silicon and aluminium release. As silicon complexes more readily 
with metals than aluminium, this may explain the lower silicon levels in concentration at pH 
8.0 relative to earlier pH's in comparison to aluminium, which increases appreciably as the 
pH is raised. 
All the results collated within this study indicate that the structure of both zeolites becomes 
less stable below (and possibly above) pH 6.0, and it suggested that proton exchange and 
framework dissolution may be occurring. It is likely that degradation products are formed as 
the pH subsequently rises and new aluminosilicates are precipitated out. It is not possible 
within the bounds of this doctoral project to ascertain the identity of these degradation 
products, although a detailed x-ray diffraction analytical study would provide more 
information. It is, however, possible to conclude that the changes in the zeolites result in 
variable heavy metal removal, with the pH range of 5.5 to 6.0 appearing critical in terms of 
zeolite dissolution and subsequent reprecipitation. The study also indicates that at the slurry 
pH adopted for the other experimental work, pH 6.0, (and indeed through most of the pH 
range studied) ion exchange is the predominant removal mechanism rather than chemical 
precipitation. 
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Chapter 7 
Study Into the Effect of Zeolite Dosage and Heavy 
Metal Concentration on Heavy Metal Removal 
(7.1) Introduction 
The purpose of this study is to evaluate the effect of varying zeolite dosage and heavy metal 
concentration on copper, cadmium, nickel, lead and zinc uptake by Zeocros CA 150 and 
CG180. The results obtained from this study wi" provide essential information on the cation 
exchange capacities of the synthetic zeolites. which wi" prove important when considering 
the application of these materials in practice, and comparisons can be made between uptake 
from single metal and mixed metal systems. In the context of industrial wastewater 
treatment design, the exchange capacity of the zeolite is a critical parameter in determining 
the zeolite dosage to be used. It is anticipated that actual exchange capacities of the 
materials wi" differ from the theoretical values calculated from the aluminium content of the 
zeolites. 
(7.2) Experimental Procedure 
The same batch equilibrium test procedure was used for this study as was described in 
Chapter 3. The heavy metal removal performance of two synthetic zeolites, Zeocros CA 150 
and Zeocros CG180, were investigated at zeolite dosages of 50, 100,200 and 500 mgtl. A" 
tests used zeolite slurries of the required dosage corrected to pH 6.0 with nitric acid as with 
the other studies. For the single metal systems, three initial concentrations were used for 
each metal studied (given in Table 7.1), selected to cover a wide range of metal loading to 
zeolite dosage ratios. In the mixed metal systems, the initial heavy metal concentrations 
were one fifth of those used for each metal in the single metal solutions. A" samples were 
shaken for two hours at 500 osc/min at room temperature. Phase separation was achieved 
by centrifugation for 30 minutes at 2000 rpm as described in previous chapters. All heavy 
metal analysis was performed by ICP-AES. 
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Table 7.1: Experimental conditions 
Heavy Metal Initial Solution Concentrations (mg/l) 
Single metal systems Pb 50 250 500 
Ni 10 50 150 
Cu 10 50 150 
Cd 20 100 275 
Zn 10 50 150 
Mixed metal solutions Pb 10 50 100 
Ni 2 10 30 
Cu 2 10 30 
Cd 4 20 55 
Zn 2 10 30 
(7.3) Results 
(7.3.1) Single Metal Systems 
The removal of lead by Zeocros CA 150 and CG 180 from single metal solutions is illustrated 
in Figures 7.1 and 7.2. The x-axis represents the ratio of the heavy metals in the initial 
solution (in meq) to the sodium ions (also in meq) in the zeolite (M:Z). This ratio reflects the 
relationship between the exchanging ions: the co-ions in solution (M) and the exchangeable 
ions present in the zeolite framework (Z). The behaviour of both materials is Similar, with 
lead uptake decreasing non-linearly as the ratio M:Z increases At M:Z ratios below 1:2 
complete removal of any lead present is achieved. A peak in lead removal is visible for 
Zeocros CG 180 as M:Z approaches 1.5: 1, although no similar peak is seen for Zeocros 
CA150. At higher M:Z ratios (above 7:1), Zeocros CG180 is slightly more efficient than 
CA 150 by approximately 5%. As M:Z exceeds 13:1, negligible removal is achieved by 
Zeocros CA150, although approximately 5% of the lead is removed by Zeocros CG180. 
The uptake of nickel in Single metal systems is also shown in Figures 7.1 and 7.2. The 
maximum nickel removal obtained is 32%, with Zeocros CA 150 performing better than 
CG 180. At M:Z ratios in excess of 3: 1, removal by Zeocros CG 180 is virtually negligible. 
Removal by CA150 is less consistent, with a more erratic removal curve as M:Z increases. 
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Figure 7.1: Heavy Metal Removal by Zeocros CA150 from Single Metal 
Solutions as a Function of Zeolite Dosage and Heavy Metal 
Concentration 
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Figure 7.2: Heavy Metal Removal by Zeocros CG180 from Single Metal 
Solutions as a Function of Zeolite Dosage and Heavy Metal 
Concentration 
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Experimental Conditions: 
Contact time: 2 hours 
Zeolite slurry pH: pH 6.0 
Zeolite dosages: 50, 100,200,500 mg/I 
All initial metal concentrations are given in Table 7.1 
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In terms of copper removal, Zeocros CG180 proves slightly more effective than Zeocros 
CA 150 does over the entire loading range. A peak in copper removal by Zeocros CA 150 is 
seen at a M:Z ratio of approximately 0.4:1, whilst a dip in removal occurs when using 
Zeocros CG180 at M:Z loadings of around 1 :1. Removal by Zeocros CG180 falls below 95% 
as M:Z rises above 1 :2. At high M:Z ratios (greater than 6:1) removal efficiencies by both 
CG 180 and CA 150 are negligible at 3% and 1 % respectively. 
Cadmium removal rates for both the synthetic zeolites studied are presented in Figures 7.1 
and 7.2. As the metal loading ratio passes 1 :2, sharp decreases in removal can be seen for 
both zeolites, with removal peaks in the region of M:Z values of 1.5:1. As the removal 
profiles of both zeolites are very similar, it is difficult to identify differences between the two 
materials. In contrast, CA 150 displays significantly better removal of zinc from single metal 
solutions than CG180 as M:Z exceeds 2:1. Both materials exhibit sharp declines in removal 
at M:Z ratios of 1 :2, peaks in removal at M:Z ratios slightly above unity and negligible 
removal at M:Z above 6:1. 
Comparing the removals attained for all five metals by Zeocros CA 150, similar removal 
profiles are seen for metal loadings up to 4:1, after which lead removal is higher until 7:1 is 
reached. At higher loadings, removal is higher for cadmium than for lead. Below 1:1, zinc 
removal exceeds copper, with removal rates becoming similar as loadings are raised above 
6:1. Cadmium, nickel, copper and zinc all have erratiC removal curves with peaks and 
troughs compared to the smoother curve obtained for lead uptake. Nickel removal is always 
the lowest of the five, and the dip as M:Z approaches 1:1 is also seen for zinc. The removal 
for all the metals can be generalised by the following removal sequence: 
It must be emphasised that this is not a true selectivity sequence, as the quantities of each 
metal ion present are slightly different, but it rather reflects removal efficiency throughout the 
entire metal loading range. 
Comparing the metal uptake by Zeocros CG180 (Figure 7.2), the curves are similar for lead 
and cadmium, although lead removal is superior between 2:1 and 7:1. A decrease in 
removal is found at M:Z ratios of 1: 1 for both metals, although cadmium appears to be more 
affected. Zinc is less readily removed than copper, with the initial steep decline in removal 
occurring at lower metal loadings than copper. Whilst zinc removal becomes negligible as 
metal loading increases, copper removal levels at removals of around 5%. Peaks in removal 
are present for both metals, at 1.5:1 for copper and 1.2:1 for zinc. In 
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agreement with CA 150, nickel is the least preferred metal, with removal falling to near zero 
as M:Z exceeds 3.5: 1. The removal sequence for Zeocros CG 180 can be expressed as: 
Pb > Cd > Cu > Zn > NI 
(7.3.2) Mixed Metal Systems 
The removal of lead from mixed metal solutions is illustrated in Figures 7.3 and 7.4, with 
metal removal again plotted relative to the ratio of the metal loading to sodium content of the 
zeolite. The metal loading is calculated from the total metal concentration (in meq/I) rather 
than that of the individual metals in solution. Both zeolites display similar behaviour until M:Z 
exceeds 2: 1, then Zeocros CG 180 generally removes greater quantities of lead than CA 150, 
as seen with the single metal solutions. As M:Z passes 1.3:1, removal decreases rapidly for 
both zeolites, continuing to fall as M:Z increases. A dip is seen in as the metal loading is a 
factor of five greater than the zeolitic sodium for Zeocros CG 180, but no similar fall is visible 
for CA150. At high M:Z ratios, greater removal rates are seen for mixed metal solutions in 
comparison to single metal solutions, at 22% and 10% for CG180 and CA150 respectively. 
The removal profiles for nickel removal from mixed metal solutions are again similar (Figures 
7.5 and 7.6), although Zeocros CG180 shows a greater removal of nickel than CA150 at very 
low ratios of M:Z. Both zeolites remove less than 5% as the metal loading increases, 
dwindling to negligible removal at high M:Z ratios. CA150 displays lower removals 
throughout the entire metal loading range compared to those obtained from the single metal 
studies, although CG180 removes greater quantities at low M:Z ratios. Removal by Zeocros 
CA150 also appears more consistent than in the single metal system, with fewer peaks 
present. 
Zeocros CA150 proves slightly more effective for copper removal than CG180 at low M:Z 
values, with both materials showing a characteristic fall at M:Z of 1:1 and subsequent 
increase in removal. As M:Z exceeds 2.5:1, copper removal steadies at less than 5%. The 
initial rapid reduction in removal capacity is seen at M:Z ratios of 1:2 for Zeocros CA 150 and 
0.2:1 for Zeocros CG180. In comparison to single metal solutions, this decline is much 
sharper when five metals are present, with Zeocros CG180 shOwing a fall at M:Z ratios of 1:1 
for both systems. 
At M:Z ratios below 1 :2, Zeocros CA 150 performs better for cadmium removal than CG180, 
but after this threshold it is difficult to distinguish between the two zeolites. Both show a 
decrease in removal as M:Z reaches unity, with removals steadying as metal loading 
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exceeded 2.5:1. The reduction at M:Z ratios of 1:2 is more clearly visible in the mixed metal 
systems rather than in the single systems, and CG 180 again shows a dip at 1: 1 in both 
systems. The characteristic reduction in metal uptake with increasing metal loading starts at 
a lower cadmium loading here than when only cadmium is present in the system. The points 
at which the removal curves start to reach a plateau are also earlier (at approximately 2.5:1 
rather than 5:1) when the metals are in competition. 
With regards to zinc removal from mixed metal solutions, the removal profiles of both 
zeolites are particularly similar. The removal of each zeolite falls markedly as M:Z rises 
above 0.2:1, and dips as M:Z reaches 1:1, achieving consistent removal above 2.5:1. A 
similar dip is seen for the single metal systems although it is at a Slightly lower metal loading 
ratio in this system. As with cadmium removal, the characteristic decreases and peaks that 
are repeated with both single and mixed metal solutions are found at higher metal loadings 
in the Single metal systems than the mixed. 
Comparing the removals for all the metals by Zeocros CA 150 provides the following removal 
sequence (Figure 7.3): 
Pb » Cu > Cd = Zn > NI 
All five metals show a distinctive dip in removal as the point at which the initial metal ions in 
solution equal the sodium ion content of the zeolite, with removal for copper, cadmium, 
nickel and zinc stabilising as M:Z exceeds 5:1. An identical removal sequence for Zeocros 
CG180 from mixed metal solutions can be derived from Figure 7.4: 
Pb » Cu > Cd = Zn > NI 
Differences can be seen from CA 150, as generally greater lead uptake occurs throughout 
the loading range, and the gradient of the decline in removal of the other four metals is 
significant. The same dip at 1:1 is visible, and removal becomes almost negligible at 5:1. 
As discussed in Chapter 2, adsorption isotherms can be plotted to enable calculation of the 
adsorption capacity or prediction of adsorbate uptake. Fitting the experimental data from the 
single metal studies to the Langmuir and Freundlich relationships was not successful. The 
plots obtained are not presented here, as many showed no linearity, with correlation 
coefficients of less than 0.5 attained. 
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Figure 7.3: Heavy Metal Removal by Zeocros CA150 from Mixed Metal 
Solutions as a Function of Zeolite Dosage and Heavy Metal 
Concentration 
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Figure 7.4: Heavy Metal Removal by Zeocros CG180 from Mixed Metal 
Solutions as a Function of Zeolite Dosage and Heavy Metal 
Concentration 
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As it was not possible to fit adsorption isotherms to the data to calculate exchange 
capacities, the maximum removal capacities achieved throughout the study for each of the 
single metals are given in Table 7.2. The metal loading reached for each metal 
concentration/zeolite dosage combination was calculated by dividing the amount of metal 
exchanged by the zeolite dosage used, and the greatest of these values is presented in 
Table 7.2. Zeocros CG180 shows higher exchange capacity for lead and copper than 
Zeocros CA 150, with the exchange capacity for lead the highest of the five metals. In 
contrast Zeocros CA150 achieves a capacity of 4.9 meq/g for cadmium compared to 4.0 
meqlg for lead. As expected, the removal capacities for nickel are the lowest obtained. 
Table 7.2: Maximum exchange capacities achieved by synthetiC zeolites from single metal 
solutions 
Metal 
Pb 
Ni 
Cu 
Cd 
Zn 
Maximum Exchange Capacity Achieved (meq/g) 
Zeocros CA 150 Zeocros CG 180 
4.0 4.6 
1.3 0.5 
2.9 3.7 
4.9 4.1 
3.0 2.4 
It can be concluded that in practical operations metal to zeolite ratios (M:Z) much below 1:1 
should be used to achieve satisfactory removal rates. 
(7.4) Discussion 
It is possible to identify common characteristics in the removal profiles of all the heavy 
metals studied as metal loading increases. At a metal loading of 1:1 where the sodium 
content of the zeolite (in meq) is equal to the initial heavy metal concentration in solution (in 
meq), 100% removal of the heavy metal concerned is theoretically possible. If a lower 
removal occurs, then the cations in solution cannot be occupying all the available ion 
exchange sites within the zeolite framework. This could be due to volume exclusion, where 
the internal volume of the zeolite is filled with charge-balancing cations but the framework 
charge is not sated, or due to the selectivity of the zeolite for the cation involved. The latter 
factor is discussed in more depth in Chapter 10, but in general the selectivity is associated 
with the radius of the cation, its free energy of hydration and its interaction with the fixed 
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charges in the zeolite framework (Sherry 1969). 
If complete removal occurs at loading ratios in excess of 1:1, then either some form of over-
exchange mechanism is responsible, or another removal mechanism is also occurring 
simultaneously. Ronay (1997) reported that up to 50% overexchange occurred in zeolite A 
when contacted with lead solution at pH 6.0, and identified the presence of lead oxide 
hydroxide clusters (possibly [Pb:!(OH)2f and [PtnO(OH)3]9+) within the zeolite cages. 
Another possible source of apparent over-exchange is possible with zeolite 4A, as NaAI02 
molecules may be occluded in the large sodalite cages of the zeolite during formation which 
are subsequently too large to exit through the zeolite pores (Sherry 1969). These molecules 
may also have a fixed charge associated with them, giving rise to "excess" exchange 
capacity. It is also possible that some precipitation may be occurring, or that if some 
degradation of the zeolite takes place (as speculated in Chapter 6), then some of the metals 
may adsorb on to the subsequently reprecipitated aluminosilicate solid. 
No overexchange is visible for any of the heavy metals removed from single metals in 
solution. In mixed metal solutions however, substantial apparent overexchange occurs for 
lead for both zeolites. In this case, the uptake of lead may be at the expense of the other 
four metals in solutions. After further examination of the removal behaviour of the other 
metals it is clear that they are supressed as lead is removed preferentially. This is especially 
distinct for cadmium removal by both Zeocros CA150 and Zeocros CG180. 
A decrease in heavy metal removal is seen with increasing heavy metal loading, frequently 
coinciding with the point at which the metal ions in solution are equal to the sodium ions in 
the zeolite (1: 1). Presenting the data in this format allows comparison of the metal loading 
with respect to the exchangeable ions in the zeolite. Considering the exchangeable ions in 
addition to the fixed charges in the zeolite gives some measure of the actual eXChange 
capacity of the zeolite rather than the theoretical value. In single metal solutions, this dip 
occurs at slightly higher ratios for cadmium removal by CA 150 and lead uptake by CG 180, 
the systems where the highest exchange capacities are observed. 
As metal loading increases, subsequent sharp peaks in removal are observed in almost all 
cases. This subsequent rapid increase in removal could be aSSOCiated with the 
displacement of sodium from the zeolite framework and their subsequent replacement with 
the metallic ions from solution. 
Attempts to fit the data obtained from the batch equilibrium tests to either the Langmuir or 
Freundlich isotherms proved unsuccessful. The most linear relationship was observed when 
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the removal was plotted directly against the zeolite dosage. This suggests that the 
predominant removal mechanism is not monolayer or multi-layer adsorption, but another 
mechanism. Previous studies reported in Chapters 6 and 7 have indicated that ion 
exchange is the predominant removal mechanism in this pH range (pH 6.0), which explains 
why the Langmuir and Freundlich relationships cannot be used to model heavy metal 
removal for these materials. 
Since the exchange capacity of the zeolites are a consequence of the isomorphous 
substitution of aluminium for silicon in the zeolite frame'NOrk, the aluminium content of the 
zeolite determines the theoretical exchange capacity of each of the zeolites. The calculated 
values derived from the zeolite oxide compositions given in Chapter 4. Zeocros CA 150 has 
a theoretical exchange capacity of 7.19 meq Na / g, and Zeocros CG180 7.32 meq Na / g. 
In practice, the cation exchange capacities achieved by each zeolite are much lower, but do 
correlate with those seen in the literature. Biskup reports a cadmium exchange capacity of 
4.98 meq/g for hydrated zeolite 4A (Biskup 1998), which compares well with the value 
obtained in this study of 4.9 meq/g. As both CG180 and CA150 have silicon-to-aluminium 
ratios of 1:1, they have considerably higher exchange capacities in comparison to other 
zeolites with higher silicon contents. Clinoptilolite pretreated with ammonium chloride shows 
an exchange capacity for lead of 2.15 meq/g (Blanchard 1984), whilst those for sodium 
treated clinoptilolite are 1.312 meq/g and 1.062 meq/g for lead and cadmium respectively 
(Malliou 1994). The exchange capacities obtained here are considerably higher, as 'NOuld 
be anticipated, but in the same order of magnitude. Given that both Zeocros CA 150 and 
Zeocros CG180 have the same chemical composition and Si:AI ratios, it is to be expected 
that removal behaviour should be similar. The main differences between the t'NO materials 
are that Zeocros CG180 shows greater removal capacities for lead and copper compared to 
CA 150, and that CA 150 shows a greater removal capacity for cadmium than lead. 
Crosfield Ltd. (Rhodes 2000) provided additional information on the theoretical and cation 
exchange capacity of Zeocros CA150 and Zeocros CG180 with respect to calcium oxide, the 
exchange of which is critical in their application as detergent builders. The theoretical 
exchange capacity is 197.2 mg CaO I g. If contacted for 15 minutes at 25!1C with calcium 
solution (at a concentration in excess of 1:1 calcium-to-zeolitic sodium) the typical exchange 
capacities of Zeocros CA 150 and Zeocros CG 180 are 145 mg CaO I g and 160 mg CaO / g 
respectively. Whilst direct comparison cannot be made with the exchange capacities 
obtained for the heavy metals in this study, these cation exchange capacities represent 73% 
and 81 % of the theoretical ion exchange capacities for Zeocros CA 150 and CG 180 
respectively. A similar comparison can be made for the synthetic zeolites, by expressing the 
maximum exchange capacity achieved (given in Table 7.2) as a percentage of the 
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theoretical exchange capacities. These results are presented in Table 7.3. It can be seen 
that the exchange capacities for all the heavy metals studied are much lower than those 
given for calcium. 
Table 7.3: Maximum exchange capacities achieved by Zeocros CA150 and Zeocros CG180, 
expressed as percentage of theoretical exchange capacities 
Metal Exchange Capacity Achieved 
(% Theoretical Exchange Capacity) 
Zeocros CA 150 Zeocros CG 180 
Pb 56 63 
Ni 18 7 
Cu 40 51 
Cd 68 56 
Zn 42 33 
(7.5) Summary 
It can be concluded that metal removal decreases as metal loading increases. This 
decrease begins prior to the threshold at which metal ions in solution equal the sodium ions 
in the zeolite structures. For the ions for which the zeolites display lower exchange 
capacities (copper, zinc and nickel), this decrease occurs at lower metal loadings in 
comparison to lead and cadmium. A reduction in removal occurs at the point at which the 
numbers of metal ions in solution equal the sodium ions within the zeolites. It is believed 
that this is associated with the actual exchange capacity of the zeolite, and the interaction of 
the exchanging ions with the zeolite framework. 
Both zeolites show greater removal of lead and cadmium rather than the other metals, with 
nickel removal the lowest recorded. Removal in mixed metal systems indicates that lead is 
removed in preference to the other ions, as uptake of the other metals is supressed. 
Adsorption isotherms could not be fitted to the data obtained from this study, and the cation 
exchange capacities for each zeolite were determined from the maximum removal capacity 
achieved for each metal in the single metal systems. The exchange capacities determined 
from the experimental work for each zeolite (see Table 7.2) can be expressed as the 
following sequences: 
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Zeocros CA 150: Cd > Pb » Zn > Cu » NI 
Zeocros CG180: Pb > Cd > Cu» Zn» Ni 
These sequences generally correspond with removal sequences reported earlier in the 
chapter, with the exception that cadmium capacity of Zeocros CA 150 exceeds that obtained 
for lead. 
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Chapter 8 
Study into the Effect of Competing Ion Addition on 
Heavy Metal Removal 
(8.1) Introduction 
The presence of competing ions in solutions such as calcium, sodium, magnesium and 
potassium can lead to significant suppression of heavy metal uptake by zeolites, as they 
may be exchanged preferentially to the heavy metal studied (Colella 1995, Hertzenberg 
1983, Ouki 1997, Zamzow 1992). Since these common competing ions are environmentally 
abundant, it is important to determine their impact on the metal-zeolite systems studied 
particularly since both Zeocros CA150 and Zeocros CG180 are used in washing po'Nders as 
detergent builders to remove ions that cause water hardness. 
Water hardness is associated with divalent metallic cations (such as magnesium, calcium, 
strontium, manganous and ferrous ions) which can react with soap to form a precipitate or 
scum (Say.yer 1978). It can be determined by a titrimetric method using 
ethylenediaminetetraacetic acid with Erichrome Black T as an indicator agent. A more 
accurate method is to calculate the hardness from the composition of the water using the 
following equation: 
Hardness (mgll) as caco3 = M2+ x 50 I equivalent weight of M2+ (8.1) 
where M2+ represents the concentration of the divalent hardness ions in solution (in mgtl). 
The common categories of water hardness are given in Table 8.1 in terms of mgtl. It is also 
common to refer to alternative hardness units such as degrees Clark or degrees French 
hardness, which are often used specifically by certain countries (Table 8.2). 
Table 8.1 categories of water hardness (Sawyer 1978) 
mgll Hardness Category 
(as caC03) 
0-75 Soft 
75-150 Medium hard 
150-300 Hard 
Above 300 Very hard 
180 Centre for Environmental Health Engineering 
The Appfication of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
Table 8.2: Water Hardness Units (adapted from Chapman 1992) 
Unit Country of Use Concentration Concentration 
(mgll) (mmoln) 
1°DH Germany 17.8 0.178 
1 gClark UK 14.3 0.143 
1 degree F France 10 0.1 
This study seeks to investigate heavy metal removal by CA150 and CG180 in systems with 
waters of varying hardness, to simulate real environmental conditions. The order of addition 
is also investigated, with the introduction of the heavy metal ions to the zeolite systems 
followed by the addition of hardness ions and vice versa, as well as the simultaneous 
addition of all the ions studied. This provides important information on both the ability of the 
competing ions to dislodge heavy metals already loaded onto the zeolites, and the ability of 
the heavy metals to exchange with zeolites already exposed to environmental conditions. 
Two different concentrations of heavy metals have also been investigated, to assess 
whether the impact of competing ions varies with initial heavy metal concentration. 
(8.2) Experimental Procedure 
As with the previous studies, the basic batch equilibrium procedure detailed in Chapter 3 
was followed, with a number of modifications. Zeolite slurries were prepared of the 
appropriate zeolite (at a dosage of 5 mg to 100ml) and deionised water and the pH adjusted 
to pH 6.0 with nitric acid. Aliquots of heavy metal ion stock solutions and competing ion stock 
solutions (or standard waters) were added. Competing ions were introduced to the system 
in the form of three synthetiC waters of different hardnesses (soft, medium hard and hard). 
This technique of preparing "standard" waters is quite commonly used in the detergent 
industry when investigating the performance of detergent builders. As with the heavy metal 
ions, concentrated stock solutions were prepared of the required competing ions from the 
chloride salts, of an appropriate composition so that 1 ml volumes of stock solution provided 
the required concentration in solution (see section 3.4.1). The compositions of each 
standard water used are given Tables 8.3 and 8.4, in conjunction with the calculated total 
hardness of each solution expressed both as mgtl CaC03 (calculated using equation 8.1) 
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Table 8.3: Composition of standard waters used in experimental programme (in mgtl) 
Hardness 
ca (mgtl) Mg (mgtl) Na (mgtl) K (mgtl) mgtl CaC03 
Soft 20 6 30 5 70 
Medium hard 40 12 30 5 144 
Hard 60 20 30 5 290 
Table 8.4: Composition of standard waters used in experimental programme 
Ca Mg Na K 
(meq/I) (meq/I) (meq/I) (meq/I) 
Soft 0.998 0.494 1.305 0.123 
Medium hard 1.996 0.988 1.305 0.123 
Hard 2.994 1.646 1.305 0.123 
and degrees of French hardness, a parameter again commonly used in the detergent 
industry. 
°FH 
7 
14 
29 
Three combinations of addition have been investigated with a single heavy metal ion in 
addition to the hardness: adding the heavy metal ion first and then the dose of competing 
ions, vice versa and adding both simultaneously. The initial heavy metal ion concentration 
used for these studies (0.088 meq/I) was 25% of the sodium ion content of in the zeolite (M:Z 
0.25:1). The effect of adding all the heavy metal and hardness ions simultaneously was also 
investigated and the initial heavy metal concentrations used were 20% of the concentrations 
applied in the single metal studies. A higher heavy metal concentration was also 
investigated (0.176 meq/I) for the simultaneous addition of heavy metals and competing ions, 
50% of the sodium ion content of the zeolite (M:Z 0.50:1). The effect of adding all the heavy 
metal and hardness ions simultaneously was also investigated and the initial heavy metal 
concentrations used were 20% of the concentrations applied in the single metal studies. All 
heavy metal doses used are given in Table 8.5, expressed both as meq/I and mgt!. Control 
systems were also studied to evaluate the uptake of both the heavy metals and hardness 
ions separately. All systems were shaken for 2 hours at 500 osc/min at room temperature 
and phase separated by centrifugation at 2000 rpm for 30 minutes. The concentrations of 
ions in solution were determined by ICP-AES analysis at the University of Greenwich. 
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Table 8.5: Heavy metal doses applied in experimental programme 
Heavy Metal Dosage 
1 :0.25 Zeolite:Metal 1 :0.50 Zeolite:Metal 
meq/I mgll meqJI mgll 
Single metal Pb 0.088 9.1 0.176 18.2 
systems NI 0.088 2.6 0.176 5.2 
Cu 0.088 2.8 0.176 5.6 
Cd 0.088 4.9 0.176 9.9 
Zn 0.088 2.9 0.176 5.8 
Mixed metal Pb 0.017 1.8 
systems NI 0.017 0.5 
Cu 0.017 0.5 
Cd 0.017 1.0 
Zn 0.017 0.6 
(8.3) Results 
(8.3.1) Lead Systems 
Introducing hardness ions into the zeolite system appears to have little influence on lead 
uptake with either of the zeolites. In the soft water system with Zeocros CA 150 (Figure 8.1), 
almost total lead removal is achieved when adding either the hardness ions or the lead ions 
first, which is comparable with the removal achieved when no hardness ions are present. It 
is only when all the ions are simultaneously introduced to the system that a decline in lead 
uptake is observed, falling to below 76%. The maximum calcium removal is found when only 
hardness ions are present in the system, removing approximately 0.27 meqll of calcium. If 
the lead is added prior to the hardness ions, then calcium removal falls by approximately 0.2 
meqll in comparison to a drop of only 0.07meqll if the order of addition is reversed. When 
added simultaneously, calcium removals below 0.01 meqll are attained. Greatest potassium 
removals can be seen when the hardness ions are added into the system first, before the 
lead, with negligible removal observed when simultaneous addition is adopted. The same 
trend is visible for magnesium removal but with slightly higher removal efficiencies, achieving 
removals approaching 0.04 meqll. The maximum magnesium removal is obtained when the 
lead ions are added after the hardness ions. Magnesium removal appears to be enhanced 
by the presence of the lead ions, but calcium ions appear to be selected preferentially. 
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Figure 8.1: Lead Removal by zeocros CA150 In a Soft Water System 
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Figure 8.2: Lead Removal by zeocros CG180 In a Soft Water System 
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Figure 8.3: Lead Removal by Zeocros CAl50 in a Medium Hard Water 
System 
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Figure 8.4: Lead Removal by Zeocros CGl80 In a Medium Hard Water 
System 
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Figure 8.5: Lead Removal by Zeocros CA 150 in a Hard Water System 
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Figure 8.6: Lead Removal by Zeocros CG180 In a Hard Water System 
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Sodium is released from the system, with the highest release recorded for the case where 
heavy metal is added prior to the competing ions. It must be noted that sodium will be 
released from the zeolite during the ion exchange process, but as 1.305 meqll of sodium is 
also present in all the standard waters this apparent "release" may also reflect some sodium 
uptake. In this soft water system, the sodium gain in solution is less than the theoretical 
sodium content of the zeolite dosage (0.352 meqll) in all cases. 
Lead removal from a soft water system with Zeocros CG180 (Figure 8.2) is very similar to 
that seen for CA 150, although the simultaneous addition of hardness and lead ions has less 
impact. Calcium removal is also the highest when no lead is present, with very low removal 
ascertained when simultaneous addition is made. Magnesium and potassium removals are 
also very Similar to Zeocros CA 150, but the maximum sodium release is observed when only 
hardness ions are present. 
As the hardness is increased to simulate a medium hard water, there is still no significant 
impact seen on lead uptake by Zeocros CA150 (Figure 8.3). Calcium removal, however, is 
enhanced when the lead is added to the system following the hardness ions, with a greater 
removal achieved than in the system where no lead is present. Potassium removal is 
highest when the lead is added initially, whilst magnesium removal is higher when lead is 
present within the systems. When simultaneous addition of the lead and hardness ions is 
performed, negligible quantities of calcium, magnesium and potassium are removed. The 
greatest sodium release is achieved when the hardness addition is first, which also 
corresponds with the highest magnesium and calcium removals. Two possible explanations 
for this are that negligible sodium removal occurred, so that more calcium and magnesium 
could be exchanged preferentially, or that a slightly higher zeolite dose was used 
unintentionally. When Zeocros CG180 is used in combination with the lead-medium hard 
water system (Figure 8.4), we can again see that the cases with the highest sodium release 
correspond to the highest calcium, magnesium and potassium removals. Lead removal is 
again similar for all the orders of addition studied, with the highest calcium removal found 
when the lead ions are added to the system prior to the hardness ions. As with other 
systems already described, magnesium removal is improved when the hardness ions are 
added in advance of the lead ions in comparison to removal from the system with no 
hardness. 
When the hard water systems are studied, some suppression of lead removal by CA 150 is 
visible when the lead and hardness ions are added simultaneously (Figure 8.5). Calcium 
removal is enhanced when the lead is added to the system before the competing ions, with a 
substantial fall in removal efficiency when added simultaneously. This trend is also 
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displayed for magnesium uptake. Potassium removal is much lower, and is almost negligible 
in all cases. The highest sodium release is obtained when the hardness and metal ions are 
administered simultaneously. The suppression in lead removal is not visible for the system 
with Zeocros CG180, as the addition of hardness does not appear to unduly affect lead 
uptake (Figure 8.6). The maximum calcium removal is gained as the competing ions are 
introduced before the lead ions at 0.33 meq/I, which is also the case for magnesium removal. 
The lowest calcium and magnesium removals are observed when there is simultaneous 
addition with uptakes of 0.23 meq/I and 0.04 meq/I respectively. Sodium release is at a 
maximum when lead ions and then competing ions are added to the system and minimum 
when only the competing ions are added. 
(8.3.2) Nickel Systems 
In Simulated soft waters, nickel removal by Zeocros CA150 is negligible for all orders of 
addition (Figure 8.7). Magnesium removal is highest when hardness ions are the initial ions 
added to the system, at approximately 0.03 meq/I, whilst potassium removal is negligible for 
all cases studied. 
The removal of calcium is more interesting, as much lower removal of calcium is observed in 
the presence of nickel than when no heavy metal is present. Only 0.11 meq/I of calcium is 
removed for the systems when the ions are added simultaneously or the nickel is added prior 
to the competing ions. When the hardness is added first, an even greater suppression of the 
calcium uptake occurs, with a removal of approximately 0.07 meq/1. A possible explanation 
is that nickel may form a complex with the calcium ions in solution, preventing both nickel 
and calcium exchange with the zeolite. This theory is reinforced as a similar effect is seen 
for Zeocros CG180 (Figure 8.8), as much lower calcium uptakes are exhibited together with 
negligible nickel uptake. Lower sodium levels are released into solution for the system 
where nickel is added in advance of the competing ion mixture. 
As the hardness is increased to medium hard, a higher removal efficiency for calcium by 
Zeocros CA150 is seen when the hardness is added first (Figure 8.9), although for the other 
two combinations of nickel and competing ions addition calcium uptake is supressed to 
approximately 10% of the uptake seen when no nickel is present. Again nickel removal is 
negligible for all cases studied, whilst potassium uptake is only significant when no nickel is 
present. Magnesium removal is improved if the hardness ions are added prior to nickel in 
comparison to the system that is not dosed with nickel ions, but little is removed if the nickel 
is added first or simultaneously with the competing ions. The maximum sodium release (or 
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Figure 8.7: Nickel Removal by Zeocros CA150 in a Soft Water System 
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Figure 8.8: Nickel Removal by Zeocros CG180 In a Soft Water System 
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Figure 8.9: Nickel Removal by Zeocros CAl50 in a Medium Hard 
Water System 
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Figure 8.10: Nickel Removal by Zeocros CGl80 in a Medium Hard 
Water System 
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Figure 8.11: Nickel Removal by Zeocros CA 150 In a Hard Water 
System 
Figure 8.12: Nickel Removal by Zeocros CGl80 in a Hard Water 
System 
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minimum sodium uptake) is seen when simultaneous addition of nickel and hardness is 
applied. 
As with the soft water systems, calcium uptake by Zeocros CG180 in the medium hard 
waters is also highest when no nickel is present (Figure 8.10) and nickel removal is 
negligible for all additions. Potassium removal peaks when hardness is added first, at 0.015 
meq/1. Sodium release is again highest when simultaneous addition of all the ions is used. 
If a hard standard water is used, a diminishing in the calcium uptake by Zeocros CA 150 as 
nickel is added is again visible, although higher calcium removal levels are obtained when 
the hardness is added first or simultaneously (Figure 8.11). Comparing calcium removal with 
increasing hardness, calcium removal decreases as hardness increases in the systems 
where the nickel dose precedes the competing ions. If the hardness is introduced first or 
concurrently with the nickel, then calcium removal is enhanced with increasing hardness. 
Increasing hardness has no discernible effect on nickel uptake by Zeocros CA 150, as 
insignificant amounts are removed in all cases. 
When Zeocros CG180 is applied to hard water systems nickel removal is also negligible, but 
higher calcium removal is witnessed when the heavy metal is added prior to the hardness 
than for Zeocros CA 150. As with CA 150, calcium removal rises as the hardness is 
increased when the competing ions are added simultaneously or initially. In contrast, no 
specific pattern in calcium removal is observed if the nickel is added initially. Magnesium 
removal from the hard water solutions is higher than attained by CA 150, and removal is 
enhanced from the nickel/hardness solution rather than from the hard water alone. 
(8.3.3) Copper Systems 
The highest copper removal by Zeocros CA 150 in a soft water system is achieved when 
simultaneous addition of the hardness ions and copper ions occurs and the copper ions first 
at approximately 0.050 meq/I (Figure 8.13). If compared to the system with no competing 
ions present, only 0.042 meq/I of copper is removed. Calcium removals are significantly 
lower when copper is present in comparison to the uptake when no heavy metals are added. 
Greater calcium removal is obtained when hardness is added prior to the copper rather than 
the other combinations of addition. Potassium removal is enhanced when copper is added, 
but the uptakes for all conditions are lower than 0.020 meq/I. As with many of the previous 
systems, magnesium removal is at a maximum when the hardness dose precedes the heavy 
metal. In terms of sodium release, the case with only copper present releases in excess of 
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Figure 8.13: Copper Removal by Zeocros CA 150 in a Soft Water 
System 
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Figure 8.14: Copper Removal by Zeocros CG180 in a Soft Water 
System 
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Figure 8.15: Copper Removal by Zeocros CA150 in a Medium Hard 
Water System 
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Figure 8.16: Copper Removal by Zeocros CG180 in a Medium Hard 
Water System 
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Figure 8.17: Copper Removal byZeocros CA150 In a Hard Water 
System 
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Figure 8.18: Copper Removal by Zeocros CG180 In a Hard Water 
System 
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0.030 meq/I of sodium, which is far in excess of that seen for the systems with combinations 
of competing ions and copper. 
Copper uptake by Zeocros CG180 in simulated soft waters peaks when all the ions are 
added simultaneously (Figure 8.14). If copper is added to the system, calcium removal is 
highest (at 0.011 meq/I) when the hardness is added concurrently with the copper, as is 
potassium. Magnesium is also removed preferentially when the dose is simultaneous, unlike 
CA 150. Maximum sodium release is seen for the case where only copper is removed, 
indicating that for soft water systems both CA150 and CG180 either remove some of the 
sodium from solution or less sodium is exchanged from the zeolites. 
Figure 8.15 illustrates the uptake of copper and competing ions by Zeocros CA 150 in a 
medium hard water environment. Suppression of the copper removal is visible for the two 
experimental conditions where hardness is added first and simultaneously with the copper 
ions. In contrast, whilst calcium removal is still optimum if no copper is added to the system, 
relatively high removals (0.19 meq/I) can be seen as the copper and then the hardness are 
added. Calcium removal is suppressed almost entirely as the ions are added 
simultaneously, and magnesium and sodium release is maximised. 
The medium hard water- Zeocros CG180 combination also shows the same trends for 
magnesium and calcium uptake as CA 150 (Figure 8.16), although slightly higher calcium 
levels are removed under simultaneous addition conditions. Copper removal is enhanced if 
the metal is added first, but suppression is visible for the two other addition regimes. Sodium 
release is also highest for the simultaneous system, with the lowest release seen as the 
competing ions are introduced first to the system, suggesting that some sodium uptake may 
be occurring. 
With hard waters, copper removal by CA 150 is greatest when the copper addition is followed 
by the addition of the standard water, with suppression occurring if the addition is reversed. 
Calcium removal is lowest as the hardness is added foremost, with much lower removals 
observed in comparison to the medium hard systems for the separate additions. If 
simultaneous addition is observed, greater levels of calcium are removed relative to those 
seen for the medium hard water. Magnesium removal is enhanced as the copper is added 
initially, falling to negligible removal if simultaneous addition is used. Sodium release is more 
consistent throughout the addition conditions studied, suggesting more uniform sodium 
uptake or exchange. 
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Zeocros CG 180 exhibits greater copper uptake when hardness ions are present in hard 
water systems (Figure 8.18), showing substantially superior removal performance if the 
copper is added first. In general, when the copper is added first, removal increases as the 
hardness of the waters is raised, in contrast to the other orders of addition. If the hardness is 
added first, calcium removal is enhanced in comparison to the other addition regimes 
although uptake falls as the hardness of the waters are increased. In contrast to Zeocros 
CA 150, magnesium uptake from hard waters in the presence of copper is greatest when the 
competing ions are added first, with minimal removal achieved when added simultaneously. 
Potassium removal appears to be enhanced in the presence of copper, with the maximum 
removal seen if simultaneous dosage is applied. Sodium release is less uniform than seen 
for CA 150, with both the copper only and simultaneous addition systems releasing the most 
sodium into solution. Adding the hardness first appears to release significantly lower levels 
of sodium than CA 150 under the same experimental conditions. 
(8.3.4) Cadmium Systems 
If cadmium is introduced first into a soft water system, Zeocros CA150 removes Similar 
levels of cadmium, approximately 0.05 meq/I as when no hardness is added (Figure 8.19), 
although the other orders of addition display a considerable reduction in removal efficiency. 
In contrast, the removal of cadmium by Zeocros CG180 is suppressed in all the systems 
where hardness ions are added (Figure 8.20). Cadmium uptake is reduced from 0.075 meq/I 
to 0.053 meq/I if the cadmium is added prior to the competing ions and below 0.026 meq/I if 
added afterwards or simultaneously. Zeocros CA150 removes slightly higher amounts of 
calcium when it is added first than if added last, but removal is almost halved if all the ions 
are added at the same time. Potassium removal is slightly higher when the cadmium uptake 
is suppressed, but is below 0.02 meq/I in all cases. Magnesium removal is enhanced in the 
presence of cadmium, peaking when the hardness dose is added first. This trend is also 
displayed by Zeocros CG180, although CG180 removes slightly more magnesium than 
CA150. If hardness is introduced in to the Zeocros CA150 system first, sodium release is 
much lower than any other combinations of heavy metals and hardness studied. This 
suggests that either substantial quantities of sodium may be taken up from solution, or less 
is exchanged from the zeolite. This order of addition also gives rise to the lowest sodium 
release for Zeocros CG180, although such a marked decrease in release is not seen as for 
CA150. Potassium removal by CG180 from this system is slightly higher than seen for 
CA 150, with removals reaching 0.02 meq/I for all the systems studied except for 
simultaneous addition. 
Increasing the hardness of the standard water to medium hard causes considerable 
depression of the actual removal capacity of Zeocros CA150 for cadmium (Figure 8.21), 
197 Centre for Environmental Health Engineering 
-i 
E 
-c 
a; 
~ 
~ 
0 O. 
E 
G) 
a:: 
G) 
01 
-0.2 e 
~ 
c( 
-0.3 
-0 
-i 
E 
-c 
a; 
~ 
~ O. 0 
E 
G) 
-0.1 a:: 
G) 
01 
-0.2 e 
~ 
c( 
-0 
The Application of Synthetic Zeolites for the Removal of Heavy Metals from Contaminated Effluents 
Figure 8.19: Cadmium Removal by Zeocros CAl50 In a Soft Water 
System 
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Figure 8.20: Cadmium Removal byZeocros CG180 In a Soft Water 
System 
Cd Ca K Mg Na 
Experimental Conditions: 
Contact time: 2 hours 
Zeolite slurry pH 6.0 
Initial cadmium concentration: 0.088 meq/I 
o Heavy metal 
addition only 
• Hardness addition 
only 
• Heavy metal 
addition then 
hardness 
o Hardness addition 
then heavy metal 
Simultaneous 
addition of heavy 
metal and hardness 
All other initial concentrations given in Tables 8.3 and 8.4 
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Figure 8.21: Cadmium Removal by Zeocros CA150 In a Medium Hard 
Water System 
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Figure 8.22: Cadmium Removal by Zeocros CG180 In a Medium Hard 
Water System 
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Figure 8.23: Cadmium Removal by Zeocros CAl50 in a Hard Water 
System 
o Heavy metal 
addition only 
• Hardness addition 
only 
• Heavy metal 
addition then 
hardness 
o Hardness addition 
then heavy metal 
Simultaneous 
addition of heavy 
metal and hardness 
Cd Ca K Mg Na 
Figure 8.24: Cadmium Removal by Zeocros CG1800 in a Hard Water 
System 
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particularly when simultaneous addition is used. Calcium removal is enhanced when the 
hardness and cadmium are added separately, although removal is negligible if the two doses 
are added at the same time. Potassium removal is negligible, lower than 0.012 meq/I in all 
cases. In contrast to the soft water system, magnesium removal is highest when the 
cadmium is added to the system first, a trend previously seen for lead removal from hard 
water systems and copper from medium and hard waters. Sodium release is maximum 
when either only the hardness ions or cadmium ions are present in solution. 
A more severe decrease in cadmium uptake in medium hard waters is seen for Zeocros 
CG180 than CAl50 (Figure 8.22), and calcium uptake is greater when the hardness is 
introduced first or simultaneously compared to the other zeolite. Potassium removal remains 
negligible for all experimental conditions. 
In hard waters, Zeocros CA 150 removes even less cadmium than from the other standard 
waters (Figure 8.23). Calcium removal is higher than from the previous system if the heavy 
metal addition is first or simultaneous addition is adopted, with little difference seen when 
hardness is the initial dose. Potassium removal is again negligible and the peak in 
magnesium removal observed when the cadmium is introduced first is more pronounced as 
the hardness is increased. Sodium release is more uniform than from medium hard waters, 
with the minimum release seen when cadmium is added first. Calcium removal by CA 150 is 
an optimum in medium hard waters when the ions are added separately, but minimum at this 
hardness if added simultaneously. 
The diminution in cadmium uptake with as the hardness increases from medium hard to hard 
is not as appreciable for Zeocros CG180 as for Zeocros CA150 (Figure 8.24). Removal is 
actually slightly higher when the cadmium is added first than for the previous level of 
hardness. Calcium removal is much lower than for the medium hard system, particularly 
when hardness is added first or simultaneously. As with CA150, magnesium removal is 
much higher for the system where the cadmium is added initially, with removals up to 0.090 
meqll being achieved. In general, cadmium removal by CG180 decreases with increasing 
hardness irrespective of the order of addition, whilst magnesium removal increases. Sodium 
release is the highest when the hardness is added first or simultaneously with the cadmium 
and minimum if added last. 
(8.3.5) Zinc Systems 
Of all the metals studied, zinc appears to the one that is the most adversely affected by the 
addition of competing ions to the system. Even in soft water systems zinc removal by 
Zeocros CA 150 is substantially reduced if hardness ions are present, irrespective of the 
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Figure 8.25: Zinc Removal by Zeocros CAl50 In a Soft Water System 
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Figure 8.27: Zinc Removal byZeocros CA150 in a Medium Hard Water 
System 
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Figure 8.28: Zinc Removal by Zeocros CG180 in a Medium Hard Water 
System 
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Figure 8.29: Zinc Removal by Zeocros CA150 In a Hard Water System 
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Figure 8.30: Zinc Removal by Zeocros CG180 in a Hard Water System 
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order addition, with removal falling from 0.074 meq/I to below 0.019 meq/I (Figure 8.25). 
Calcium removal is greatest when hardness only is added to the system, but otherwise 
highest if the hardness is added first, achieving removals of approximately 0.12 meq/I. 
Potassium removal is again negligible and magnesium uptake is only Slightly higher. The 
maximum sodium release is obtained as all the ions are introduced concurrently, with the 
least released if the zeolite is loaded first with the zinc ions then the hardness. 
Higher zinc removal can generally be seen for Zeocros CG180 in comparison to CA150 in 
water systems where the zinc is added prior to the competing ions (Figure 8.26). The 
suppression effect is more visible for the simultaneous systems, with negligible zinc removal 
attained. Calcium removal is between 0.15 meq/I and 0.24 meq/I for all the additions studied 
except for the simultaneous system, where removal falls to below 0.02 meq/I. Magnesium 
and potassium removal by CG180 is slightly enhanced in comparison to CA150, at 0.03 
meq/I and 0.02 meq/I respectively, with maximum removals achieved when the zeolite is pre-
loaded with the hardness ions before the zinc is added. As with CA 150, sodium release is 
greatest in the simultaneous system. 
In medium hard waters Zeocros CA150 shows very similar zinc removal to the soft water 
systems, although removal becomes negligible in the simultaneous systems (Figure 8.27). 
Calcium removals approaching 0.4 meq/I are achieved in the hardness only and hardness 
first systems, falling to zero removal in the simultaneous systems. Little difference can also 
be detected between the metal uptakes achieved by Zeocros CG180 from soft and medium 
hard waters (Figure 8.28). Magnesium removal is enhanced, particularly when added first, 
which correlates with the lowest sodium release and highest calcium removal. 
Zinc removal by CA150 is again reduced in hard waters (Figure 8.29), but the reduction is 
similar to that seen for soft waters. Calcium removal in the presence of zinc generally 
increases as the hardness of the water is raised, except for the simultaneous systems. 
Magnesium removal increases in all cases with increasing hardness, reaching levels of up to 
0.17 meq/I if introduced into the zeolite systems first. In the systems where the competing 
ions are added initially, the sodium release from Zeocros CA150 decreases with increasing 
hardness, indicating that either more sodium is removed from solution or less is displaced 
from the zeolite. Adding Zeocros CG180 to hard water systems produces similar results to 
CA150 (Figure 8.30), although the magnesium removal performance is slightly superior. 
Zinc removal remains fairly consistent as the hardness is increased if the hardness ions are 
added first, at 0.02 meq/I, and decreases if added second. For the simultaneous systems, 
zinc removal is negligible in all hardnesses. Calcium uptake increases with increasing 
hardness if added separately from the zinc, a trend also displayed for magnesium removal. 
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(8.3.6) Heavy Metal Dosage 
The effect of varying the initial heavy metal concentration was investigated with the 
simultaneous addition of the heavy metal dose and hardness ions. All the results presented 
previously refer to an initial heavy metal dose of 0.088 meq/I, a quarter of the sodium content 
of the zeolites (in milliequivalents) (Z:M 1 :0.25). A comparison was made using an additional 
heavy metal concentration of 0.176 meq/I, giving a ratio of sodium to heavy metal of 1 :0.50. 
The previous results were presented in their entirety, with the corresponding removals of all 
the ions in solution presented. The data obtained from this section of the study is 
summarised in Figures 8.31-8.36, showing only the heavy metal uptake for each heavy 
metal-hardness-zeolite combination. As the lead dosage is doubled, lead removal from soft 
waters by Zeocros CA 150 increases from 0.07 meq/I to 0.12 meq/I (Figure 8.31). Since 
copper removal increases from 0.05 meq/I to 0.08 meq/I and cadmium from 0.03 meq/I to 
0.05 meq/I, it is clear that although the initial concentration is increased by 100%, the 
resulting uptake does not necessarily increase linearly as well. Nickel uptake is inSignificant 
and removal of zinc for both concentrations is below 0.02 meq/1. Zeocros CG180 also 
exhibits virtually no nickel uptake (Figure 8.32), and only a slight increase in copper removal 
is seen as the dosage increases. The removal of lead at the dosage ratio of 1 :0.25 is slightly 
higher than that achieved by CA 150 at 0.09 meq/I, but as the dosage is increased to 1 :0.5 
the removal for both zeolites is approximately 0.13 meq/1. Zinc removal is enhanced from 
below 0.01meq/1 to 0.025 meq/I as the zinc concentration is raised, whilst cadmium removal 
doubles to 0.04 meq/1. 
Nickel removal by Zeocros CA 150 remains negligible as the hardness is increased (Figure 
8.33). Similar lead removal is observed as in the soft water system, but copper uptake 
increases by 0.04 meq/I as the concentration is raised. The difference between the 
cadmium uptake for the t\W dosages is less marked than in the soft water, at 0.01 meq/1. At 
the 1 :0.5 dosage, zinc removal is marginally lower than for the reduced concentration, a 
trend that can also be seen for Zeocros CG180 in the medium hard system (Figure 8.34). A 
removal of 0.14 meq/I is reached when the lead concentration is increased to 0.176 meq/I 
although in the nickel systems there is still no removal. Cadmium uptake is slightly 
enhanced at the higher metal dosage in comparison to Zeocros CA 150. 
At the lower lead concentration, the uptake by CA150 is much lower than from the softer 
waters, with removal doubling as the lead is increased (Figure 8.35). Lead is picked up 
preferentially to all the other metals irrespective of the hardness of the standard water used. 
Nickel removal is enhanced at the higher dosage rate and copper removal increases 
proportionally to the dosage increase unlike cadmium, which exhibits a lower rise in removal. 
It can be noted for both zeolites the difference between the two dosage conditions lessens 
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Figure 8.31: Heavy Metal Removal by Zeocros CA150 In a Soft Water 
System (Simultaneous Addition of Heavy Metal and Hardness) 
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Figure 8.33: Heavy Metal Removal by Zeocros CA150 In a Medium Hard 
Water System (Simultaneous Addition of Heavy Metal and Hardness) 
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Figure 8.34: Heavy Metal Removal by Zeocros CG180 In a Medium Hard 
Water System (Simultaneous Addition ot Heavy Metal and Hardness) 
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Figure 8.35: Heavy Metal Removal by Zeocros CAl50 In a Hard Water 
System (Simultaneous Addition of Heavy Metal and Hardness) 
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Figure 8.36: Heavy Metal Removal by Zeocros CGl80 In a Hard Water 
System (Simultaneous Addition of Heavy Metal and Hardness) 
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as the selectivity for the metal decreases. A slight increase in zinc uptake is observed with 
increasing hardness, but both removals are below 0.01 meq/1. 
Unlike CA150, lead removal by Zeocros CG180 does not increase linearly (Figure 8.36). 
Again, a slight increase in nickel removal is seen in hard water system, but this increase is 
not a significant difference. CG180 proves less efficient at the higher dosage at removing 
copper from solution, although little difference can be seen between the removal 
performance of both zeolites for zinc and cadmium in hard waters. 
(8.3.7) Mixed Heavy Metal Systems 
The systems discussed up to this point within the chapter have involved one of the five 
heavy metals studied in combination with all of the four competing ions (calcium, 
magnesium, potassium and sodium). In this section of the study all of the heavy metal and 
competing ions were added simultaneously with differing levels of hardness (soft, medium 
hard and hard). Lead uptake from mixed metal solutions by Zeocros CA150 is enhanced in 
the presence of hardness, reaching between 0.015 meq/I and 0.016 meq/I when added 
concurrently with the competing ions (Figure 8.37). This is an increase of apprOXimately 
0.002 meq/I (approximately 12 %) compared to the uptake by CA 150 if no hardness is 
added. Nickel removal is reduced to virtually zero as the hardness is added, whilst copper, 
cadmium and zinc removal falls with increasing standard water hardness. Of the latter three 
metals, zinc appears to be the most adversely affected by the addition of hardness to the 
system, with removal becoming negligible from the simulated hard water. Calcium uptake is 
highest from the medium hard and hard waters, whilst magnesium uptake is greatest from 
the medium hard (Figure 8.38). Potassium removal remains negligible under all hardness 
conditions, as determined in the previous single metal systems. Sodium release is 
maximum from the medium hard water, with similar levels released from the system with no 
hardness added and the hard water. 
Copper and zinc uptake by Zeocros CG 180 is more severely affected by the addition of 
hardness than CA 150 (Figure 8.39), showing more suppression. Lead and nickel uptake is 
very similar for both zeolites, whilst CG180 proves slightly less efficient for cadmium removal 
from mixed metal solutions than CA150. Potassium removal is also negligible, although 
CG180 removes greater levels of calcium from solution than CA150, between 0.013 and 
0.15 meq/I depending upon the hardness of the water (Figure 8.40). Greater magnesium 
uptake is seen for CG180 from medium hard waters (0.1 meq/I) than any of the other 
hardness-zeolite combinations. The maximum sodium release for Zeocros CG180 is 
obtained from the hard water system. 
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Agure 8.39: Heavy Metal Removal by Zeocros CGl80 from Mixed 
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Heavy metal uptake by both zeolites decreases with increasing water hardness for all the 
metals studied. In general, the degree of suppression as the hardness is increased also 
seems to be related to the selectivity of the zeolite for the heavy metal without any hardness 
present. A summary of the removals obtained for all the heavy metals in terms of 
percentage removals achieved is presented in the Appendices (Chapter 12). 
(8.4) Discussion 
The results from this study do not provide any generic rules governing the uptake of heavy 
metals by Zeocros CA150 and Zeocros CG180 in hard waters, but rather highlight a number 
of common trends. It is generally seen that more heavy metal is removed in the systems 
where the heavy metal ions are added before any hardness ions in comparison to the 
reverse order of addition. This infers that whichever ion the zeolite is exposed to primarily 
will prove the most difficult to dislodge. A good example of this is cadmium and calCium 
removal by Zeocros CA150 in soft water systems, where cadmium removal is greatest if the 
heavy metal is added first and calcium removal greatest if the hardness added initially. 
Calcium removal by both zeolites is frequently seen to decrease as a heavy metal is added 
to the system, as the zeolites appear to selectively remove some of the heavy metal ions in 
preference to the calcium. The principal exceptions to this rule are for lead-medium 
hard/hard water and zinc-medium hard/hard water systems, where calcium removal is 
greater in the presence of the lead or zinc. A possible hypothetical explanation to this 
behaviour could be that the increased calcium concentration gradient in solution enhances 
calcium exchange by the zeolites. However this effect is not seen for all the heavy metal 
systems studied and therefore seems unlikely. A more probable explanation is that the 
calcium ions are forming complexes with zinc and lead species and forming either insoluble 
precipitates or multi-cation complexes that are sufficiently small to exchange within the 
zeolite cages. If, as discussed in Chapter 6, the zeolite frameworks are dissolving and 
possibly re-precipitating as new aluminosilicate products due to the pH-correction and 
hydrolysis processes, calcium complexes may be adsorbed onto these degradation 
products, and therefore removed from solution. 
Complexation is also suspected when examining the uptake of nickel by both zeolite 
systems. Despite virtually no nickel exchange by either zeolite, the uptake of the other 
hardness ions is severely inhibited in the presence of nickel. This suppression cannot be 
due to the preferential removal of nickel by the zeolites, since the nickel remains in the 
solution phase. The adsorption of nickel and calcium complexes onto re-precipitated solids 
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can also be discounted, as removal of both cations is inhibited rather than enhanced. It 
therefore seems probable that the calcium cations, with other ligands in solution, are forming 
complexes that are either too large to enter the zeolite framework or are not selectively 
exchanged. Since this effect is not observed to the same extent in the other systems, it is 
also logical to assume that this is directly related to the presence of nickel species in the 
system. 
Based on the study of the coordination chemistry, it is known that divalent nickel species are 
the most common and show the most varied stereochemistry (Greenwood1984). Between 
pH 5 and pH 7, the predominant nickel species present in water systems are Ni2+ at 
potentials between -0.4 V and 1.0 V and NiO/- above 1.0 V (Pourbaix 1974, see 
Appendices, Chapter 12). However, since both nitrate and chloride ligands are also present 
in the systems studied, other nickel complexes may also be formed, such as NiCI/-
(Greenwood 1984)(see Table 8.6). Since a multi-cation complex must be formed in order to 
retain both calcium and nickel (and to some extent magnesium) in solution, it seems likely 
that the nickel species may be anionic, indicating that both Ni042- and NiC142- could be 
responsible. Given the high potential characteristically required for the formation of NiOl, it 
is speculated that the likely anionic nickel complex is NiC142- although further research would 
be required to confirm this hypothesis. A detailed examination of the speciation and 
coordination chemistry of the heavy metals used is outside the scope of this project, 
although clearly this would provide elucidation of the complex interactions between the metal 
species and the zeolite frameworks. 
An additional indication that nickel complexation may be responsible for the inhibition of 
calcium and magnesium uptake by both zeolites is that the calcium uptake increases with 
increasing hardness. If the hypothesis of complexation is correct, then this would be 
expected since the concentration of nickel remains constant whilst the calcium concentration 
increases, therefore the amount of uncomplexed "free" calcium is greater in the harder water 
systems. 
Lead removal is the least affected in the presence of hardness ions, with significant 
suppression only really observed when the hardness is added simultaneously. It appears 
that the simultaneous addition of all the ions provides the most competitive exchange 
environment, in which the selectivity of the zeolites is the most pronounced. Of the two 
zeolites studied, Zeocros CG180 is the least adversely affected by the addition of hardness 
in terms of lead uptake. This is reversed, however, when studying mixed metal systems as 
CG 180 shows a greater reduction in uptake of all the heavy metals as hardness is added. 
This is expected to some degree, as zeolite MAP has been found to be a more efficient 
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Table 8.6: Oxidation states and stereochemistries of various nickel compounds (Greenwood 
1984) 
Oxidation Coordination Stereochemistry Compound 
state number 
-1 4 Unknown [Ni2(CO)st 
0 3 Planar [Ni{P(OCsH4-2-Meh] 
4 Tetrahedral [Ni(CO)4] 
1 4 Tetrahedral [NiBr(PPh3)J] 
2 4 Tetrahedral [NiCll· 
Square planar [Ni(CN)4( 
5 Trigonal bipyramidal [Ni(PPhM92)3(CN)2) 
Square pyramidal [Ni(CN)s]3-
6 Octahedral [Ni(H20s)]2+ 
Trigonal prismatic NiAs 
7 Pentagonal bipyramidal [Ni(DAPBH)2(H20)2t+ * 
3 5 Trigonal bipyramidal [NiBr3(PEh)2] 
6 Octahedral [NiFs]3-
4 6 Octahedral [NiF6( 
* DABPH 2,6-diacetylpyridinebis(benzoic acid hydrazone) 
water softener than zeolite 4A (Adams 1997). 
It is difficult to quantify the amount of sodium exchanged from the zeolite, since the net gain 
of sodium in solution reflects both the sodium ions released from the zeolite framework and 
any subsequent uptake of sodium. Work presented in the previous chapters suggests that 
approximately 1/3 of the sodium content of the zeolite is released as a result of the pH 
adjustment procedure, with most of the rest of the sodium exchanged as the heavy metal is 
added. In this study, sodium release is often considerably less than the 0.352 meq/I that is 
the theoretical sodium content of the zeolite dose used, suggesting that some of the sodium 
may be taken up by the zeolite. The net gain of sodium in solution occasionally exceeds 
0.352 mecVl, which may be either due to a variation in the initial sodium content of the zeolite 
used (excess sodium is often a result of the manufacturing process) or slight differences in 
the sodium content of the standard water. It may also be due to varying sodium content in 
the deionised water used throughout the experimental procedures. 
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Copper is the only heavy metal for which removal is considerably enhanced in the presence 
of hardness in comparison to removal from the heavy metal solution alone. It is possible that 
the removal obtained for the single metal system may be uncharacteristically low. Given the 
instability of the copper-zeolite systems discussed in Chapter 6, it is possible that a greater 
degree of zeolite dissolution may have occurred in these control systems causing 
unexpectedly low removals. Since pH 6.0 appears a particularly critical pH, it possible that 
the removal of copper is much more variable than the other metals. This would imply that 
rather than an enhancement in removal occurring when hardness is present, the removal 
values against which the hardness data are compared are lower than usual. Alternatively, if 
copper removal is enhanced, this may be either due to enhanced copper precipitation from 
solution, or complexation of the copper into a form more preferentially exchanged than the 
Cu2+ ion. 
Potassium removal is higher in the lead systems than in the presence of any of the other 
heavy metals studied, although removal is still low in comparison to the other ions. This may 
either be due to co-precipitation effect, with any lead that is removed due to the pH effect 
precipitating with the potassium ions or may possibly be a result of complexation and 
subsequent ion exchange. 
In general, heavy metal removal by both zeolites when simultaneous addition is used is 
greater from the 0.088 meq/I solutions than 0.176 meq/I, particularly as the hardness of the 
standard water is increased. It appears that the heavy metals can compete more effectively 
either for ion exchange sites or complexation at lower concentrations in the presence of 
hardness ions. 
It is difficult to assess whether significant dissolution of the zeolites is occurring as a result of 
the pH adjustment process, since silicon and aluminium levels were not monitored as part of 
the study. An added complication is that different cationic forms of the zeolites are known to 
have different acid stabilities (Le. zeolite CaA is much more acid stable than zeolite NaA 
(Allen 1983, Cook 1982)). This has added importance when conSidering the order of 
addition of the heavy metal and hardness ions. If the zeolite is exposed to the hardness ions 
first, it may be converted primarily to the calcium form and suffer less degradation than the 
sodium form. If, as postulated previously, degradation products (re-precipitated 
aluminosilicate solids) are formed as a result of hydrolysis reactions of the zeolite and these 
solids may have adsorptive properties, varying the cationic form of the zeolite may have a 
significant influence on the degree of adsorption occurring. As discussed previously, a 
detailed characterisation of the possible degradation products and assessment of their 
adsorption capacities was not possible within the scope of this doctoral project but may be 
necessary to 
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fully understand the removal mechanisms occurring in these zeolite systems. 
Of all the metals studied, zinc is the most adversely affected by the presence of hardness 
ions in solution. Even in the soft water systems, zinc uptake by both zeolites is significantly 
inhibited. The practical implication of this finding is that significant care must be taken if 
considering the use of either Zeocros CA150 or Zeocros CG180 for zinc removal from real 
wastes. A much larger zeolite dose \\Uuld be required to successfully treat a zinc 
contaminated effluent in the presence of hardness than may be indicated from the exchange 
capacity obtained in synthetic systems, and a bench-scale treatability study would be vital. 
If mixed metal solutions are used, the previous trends identified are generally polarised. For 
example, little impact is seen when the hardness is increased for lead uptake by both 
zeolites, but for the metals prone to suppression this suppression is maximised. Since these 
systems are the ultimate competitive environment studied, with any preferential uptake of 
one ion occurring at the expense of the uptake of another, this is not unexpected. It does 
highlight the interdependence of these systems, and it must be emphasised that slight 
differences in experimental conditions can have considerable impacts on the relative uptakes 
of the ions considered. 
(8.5) Summary 
Interpretation of the data obtained from applying zeolites to complex waste streams can be 
difficult. Prediction of the ion exchange equilibria and selectivities of zeolites are usually 
limited to ternary systems under strict laboratory controls. This study does not seek to 
provide a detailed determination of complex ion exchange equilibria, but rather to provide a 
greater understanding of the behaviour of Zeocros CA150 and CG180 in conditions likely to 
be encountered in many environmental control applications. 
A number of factors are clearly critical if conSidering the uptake of heavy metals by both of 
the zeolites studied: 
the order of addition of the heavy metal ions and hardness ions 
the nature of the heavy metal ion to be removed 
the level of hardness of the water 
It is notable that despite the high ratios of hardness ions to heavy metal ions in solution (far 
in excess of the exchange capacities of the zeolites), significant heavy metal removal does 
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occur for most of the heavy metals studied. The follOwing selectivity sequences can be 
determined for the synthetic zeolites studied (see Appendix 2), which are valid for all levels 
of water hardness investigated: 
Zeocros CA 150: 
Zeocros CGl80: 
Pb > Cu > Cd > Zn > NI 
Pb > Cu > Cd > Zn > NI 
Tables 8.7 and 8.8 summarise the degree to which hardness ions suppress heavy metal 
uptake by the zeolites. Lead removal is the least affected by the presence of hardness ions, 
whilst zinc is the most sensitive to these ions. Nickel is not removed by either zeolite under 
any conditions, and its presence inhibits uptake of any other ions. It is speculated that nickel 
may complex with calcium and magnesium ions in solution, possibly as NiCI/', preventing 
ion exchange but further investigation into the speciation of any complexes formed would be 
required to confirm this hypothesis. 
Table 8.7: Summary of effect of water hardness on heavy metal uptake by Zeocros CA 150 
Water Hardness 
Soft Medium Hard Hard 
Pb @ @) @) 
NJ 4» @) @ 
Cu @ 0 0 
Cd 0 0 • 
Zn • • • 
Water Hardness 
Soft Medium Hard Hard 
Pb @ @) @ 
NI @) @ @ 
Cu @ 0 0 
Cd • • • 
Zn • • • 
Key 
@ No significant suppression seen 
o Moderate suppression seen 
• Greatly suppressed 
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One practical consideration that can be addressed is the question as to whether adding 
hardness to a zeolite loaded purely with heavy metal will cause the contaminant to be 
released. It can be concluded from these results that desorption from a lead-loaded zeolite 
is unlikely in static systems, even in very hard water conditions. Some copper release may 
be anticipated, but not at significant levels. Cadmium release is likely, particularly in hard 
waters, whilst zinc release almost certain, even in soft water conditions. Since loading either 
Zeocros CA150 or Zeocros CG180 with nickel would be difficult under the conditions studied, 
little inference can be made from these results regarding nickel results. An additional 
conclusion from this study is that the lack of selectivity of both zeolites for potaSSium 
suggests that this ion should not be used as a regenerant solution, if deliberate desorption of 
the heavy metal is required. It is also clear that for efficient zeolite regeneration, much more 
concentrated regenerant solutions than those studied here would be required. It must be 
noted, however, that all loaded zeolites would eventually change form if exposed to a 
continuously replenished stream of exchangeable cations (Le. a flow-through system). The 
shifting equilibrium would eventually favour complete exchange (Allen 1983). 
It is also possible to assess if a zeolite is already exposed to hardness it will still remove 
contaminants from solution. As before, lead removal is unlikely to be affected, but copper 
removal is less certain, especially under conditions of increasing hardness. If either 
synthetiC zeolites are preloaded with calcium and magnesium ions, they are unlikely to 
remove significant levels of cadmium, zinc or nickel from solution. This finding has clear 
implications for the practical applications of the materials, since care must be taken not to 
expose them to water prior to use. 
If considering the application of both synthetiC zeolites in wastewater treatment, the degree 
of hardness of the effluent to be treated will determine the zeolite dosage required. 
Particular care would be needed for zinc and cadmium removal, since slight increases in 
water hardness could cause significant reductions in removal efficiency, and careful 
monitoring of the wastewater composition may be necessary. 
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Chapter 9 
Application of Synthetic and Natural Zeolites for the 
Treatment of Contaminated Effluents 
(9.1) Introduction 
Work in the previous chapters has assessed heavy metal removal by synthetic zeolites from 
synthetic effluents prepared from nitrate and chloride salts in the laboratory. This work has 
indicated that both Zeocros CA150 and Zeocros CG180 can partially dissolve at pH 6 due to 
hydrolysis reactions, and it is suspected that the released aluminium and silicon ions 
reprecipitate to form new aluminosilicate solids. The extent of dissolution appears to be a 
function of contact time, with significant hydrolysis occurring after a two-hour contact period. 
It is also known that zeolite doses in excess of 1:1 (sodium content: heavy metal (in meq» 
are required to achieve satisfactory removal rates for copper, cadmium and zinc. Water 
hardness is known to have little effect on lead uptake by either zeolite, but can cause 
significant suppression on copper, cadmium and particularly zinc uptake. Nickel uptake by 
both zeolites is negligible throughout, irrespective of the hardness content of the water. 
The first objective of this study is to compare the performance of Zeocros CA 150 and 
Zeocros CG180 with a natural zeolite that has been well characterised in the literature. 
Clinoptilolite is the most widely assessed natural zeolite in terms of heavy metal removal, 
and is usually conditioned to improve removal capacity. Both unconditioned and conditioned 
clinoptilolite are evaluated, in order to provide as fair a comparison as possible. The 
conditioning process converts the natural zeolite to a more homoionic form, which has been 
proved in other studies to demonstrate enhanced heavy metal uptake (Kesraoui Ouki 1993, 
Semmens 1988). The second objective of the study is to determine the suitability of the 
synthetic zeolites for the treatment of an electroplating waste and a battery manufacturing 
effluent. It is then possible to compare the results from this study with the findings from the 
previous chapters, in order to determine whether the conclusions made from the synthetic 
waste studies can also be applied to real waste systems. 
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(9.2) Heavy Metal Removal from Synthetic Wastes by Natural 
Zeolites 
(9.2.1) Introduction 
As an initial comparison between the natural zeolite and Zeocros CA 150 and Zeocros 
CG180, a simple screening study was performed, assessing lead, cadmium, nickel, zinc and 
copper uptake from single metal solutions. The same basic experimental conditions 
discussed in Chapter 3 were adopted, to correlate with the rest of the experimental 
programme. The natural zeolite, as discussed in Chapter 4, is a Death Valley clinoptilolite 
which was reduced in size through a cyclone mill to an average particle size of 3 J,1m, in order 
to provide similar reaction kinetics to the synthetiC zeolites. If no size reduction had been 
performed, both Zeocros CA150 and CG180 would have an advantage due to their small 
particle sizes and corresponding greater surface area to volume ratio. 
(9.2.2) Experimental Procedure 
The natural clinoptilolite was pretreated by mixing overnight with 1 N sodium chloride at a 
dosage of 10g to 11. The zeolite was then separated from the sodium chloride solution by 
centrifugation, and rinsed thoroughly with deionised water to remove excess sodium ions. 
The resulting zeolite slurry was then dried at 3()QC and was stored in a sealed container 
above saturated potassium chloride solution to fully hydrate the zeolite. 
The standard batch equilibrium test procedure outlined in Chapter 3 was observed, with 
zeolite doses (Zeocros CA150, Zeocros CG180, unconditioned and conditioned clinoptilolite) 
of 5 mg/100 ml added to deionised water and adjusted to pH 6.0 with nitric acid. Aliquots of 
concentrated heavy metal solution were added to give an initial concentration of 0.088 meqll. 
The zeolite-metal suspensions were then shaken for two hours at 500 osc/min at room 
temperature, then separated by centrifugation for 30 minutes at 2000 rpm. The resulting 
heavy metal solutions were subsequently analysed by ICP-AES. All experiments were 
performed in duplicate. 
(9.2.3) Results 
The average percentage removals of lead, cadmium, copper, nickel and zinc from single 
metal solutions are presented in Figure 9.1. In general, the conditioned clinoptilolite is more 
effective than the unconditioned sample, removing higher levels of copper, cadmium and 
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Figure 9.1: Heavy Metal Removal from Single Metal Solutions by 
Natural and Synthetic Zeolites. 
Pb Ni Cu Cd Zn 
• Zeocros CA 150 
• Zeocros CG 180 
o Non-conditioned 
Clinoptilolite 
• Conditioned Clinoptilolite 
Experimental Conditions 
Contact time 
Zeolite slurry pH 
Zeolite dosage 
Initial metal concentration 
2 hours 
pH 6.0 
5 mg/100 ml (dry weight basis) 
0.088 meqll 
zinc. In contrast, the unconditioned clinoptilolite removes approximately 10% more lead (at 
72%) than the pre-treated one. Nickel removal by all four zeolites is negligible, at less than 
5%. Copper removal by CA 150 and unconditioned clinoptilolite is similar, at 42%, but uptake 
is enhanced to 52% as a result of conditioning. Copper is the only metal for which the 
natural zeolite out-performs both of the synthetic zeolites. 
The greatest cadmium removal is achieved by Zeocros CG180 (83%), whilst unconditioned 
clinoptilolite removes only 30% of the initial cadmium. The most significant contrast can be 
seen between the zeolite types for zinc uptake, with CA 150 removing almost all the zinc from 
solution and CG180 75%, and the unconditioned and conditioned clinoptilolites removing 
10% and 14% respectively. 
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(9.3) Heavy Metal Removal from Real Effluents using 
Synthetic and Natural Zeolites 
(9.3.1) Introduction 
Two industrial wastes were collected for use in the study: an electroplating effluent and a 
battery manufacturing waste. The electroplating effluent was obtained from Metal Colours, a 
large electroplating plant in Slough, Berkshire. The plant specialises in zinc and acid plating, 
electrophoretic painting and powder coating. Three main waste streams are generated 
within the Metal Colours plant: a chromium stream, a cyanide stream and a general waste 
stream. Currently sodium bisulphite is added to the chromium stream as a reducing agent 
and the pH is raised to facilitate precipitation of the trivalent chromium. The cyanide stream 
is treated by an addition of sodium hypochlorite. 
The general waste stream consists primarily of zinc, chromium, nickel and iron to which lime 
is added to raise the pH and precipitate the heavy metals as hydroxides. The waste is then 
allowed to settle, and the resultant metal sludge is then drained off and passed through a 
plate filter press. Filter cake is produced at a rate of approximately 5 tonnes per week, with 
a disposal cost at the time of sampling of approximately £50 per tonne when sent to landfill. 
Two 10 litre samples were collected of the general waste stream for characterisation and 
evaluation studies. 
The battery manufacturing waste was collected from the Exide lead acid battery plant in 
Dagenham. The waste was taken from the initial holding tank, immediately after the battery 
plate production plant. It primarily contains lead oxide solids, and the designed treatment 
process consists of centrifugation followed by settlement, recovering the solids for reuse. 
The liquid fraction is then blended with an acidic waste stream from the assembly plant and 
then neutralised with lime to precipitate the remaining solids. A recent change has 
introduced tissue paper into the plate manufacturing process, which has caused the 
centrifuge to fail, resulting in the use of only two settlement tanks in series as a treatment 
method. As with the Metal Colours effluent, two 10 litre samples were obtained for testing. 
The laboratory work in this study was performed with the assistance of a MSc student from 
the Centre for Environmental Health Engineering, under the supervision of the author. 
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(9.3.2) Experimental Procedure 
Since a liquid waste was to be treated, the batch equilibrium test procedure in Chapter 3 
required modification. Concentrated 100,000 mgtl zeolite slurries of Zeocros CA 150, 
Zeocros CG180, unconditioned clinoptilolite or conditioned clinoptilolite were prepared with 
deionised water in 20 ml batches and corrected to pH 6.0 with nitric acid. A fixed dose of the 
appropriate zeolite slurry was then added to 200 ml of effluent buffered to pH 6.0 with 
sodium hydroxide. Zeolite dosage for the synthetic zeolites was applied at the same metal 
loading ratio adopted throughout the entire experimental programme: a ratio of 4:1 
theoretical exchangeable ions to heavy metal ions in solution. The total concentration in 
solution (in meq/I) of copper, lead, cadmium, nickel and zinc ions were calculated for both 
the effluents, at pH 6.0 for the electroplating waste and pH 4.0 for the battery waste. The 
initial concentrations of heavy metals in solutions are presented in the following section in 
Tables 9.1 and 9.2. It was determined that a dosage of 111 mg / 100 ml was required for the 
electroplating waste and 44 mg 1100 ml for the battery effluents respectively to provide a 
zeolite excess of 4: 1. For comparison purposes, identical dosage rates were applied for the 
natural and synthetiC zeolites as for the synthetiC. All dosages were applied on a dry weight 
basis. All samples were shaken for two hours at 500 osc/min at room temperature. The 
zeolite and solution phases were then separated by centrifugation for 30 minutes at 2000 
rpm and the supernatant stored for analysis by ICP-AES. 
(9.3.3) Characterisation of Effluents 
Both of the wastes studied contained a significant quantity of solids, particularly the battery 
manufacturing waste. In order to determine the total composition of the two wastes, 100 ml 
volumes of each were filtered through 0.45 J.UTl cellulose acetate filter papers, oven dried 
overnight at 105QC prior to use. The filter papers were then cold digested in concentrated 
nitric acid overnight, achieving complete dissolution, and made up to a 10% nitric acid matrix 
with deionised water. Blanks were also prepared by digesting unused filter papers by the 
same procedure. Both the filtrate and the digested filter paper solutions were subsequently 
analysed by ICP-AES. The total concentration of each waste was then determined by 
calculating the concentration of metals in solution and in the solid fraction, values of which 
are presented in Tables 9.1 and 9.2. 
To avoid potential degradation of the synthetiC zeolite structures under acidic conditions and 
possible precipitation of heavy metal hydroxides, both the pH of the zeolite slurry and that of 
the effluents were adjusted to pH 6.0 using nitric acid. The concentrations of heavy metals 
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in solution at pH 6.0 were determined by centrifuging the buffered wastes for 30 minutes at 
3000 rpm and removing the supernatant for analysis by ICP-AES. A similar test was also 
performed adjusting the pH of the effluents to pH 4.0 to determine the release of metals in a 
more acidic environment. The results of both tests are presented in Tables 9.1 and 9.2. 
Table 9.1: Composition of Electroplating Effluent 
Concentration in mgtl (meq/I) 
Ca Na Fe K Mg Ni Pb Zn Cd 
Total 10419 7390 5638 331 953 155 6 17663 0 
concentration 1 (520) (321) (303) (9) (79) (5) (0.1 ) (540) 
In solution at 28 1545 0 43 3 1 0 63 0 
pH 6 2 (1.4) (67) (1.1 ) (0.2) (0.1 ) (1.9) 
In solution at 28 1438 1 42 3 1 0 71 0 
pH4 2 (1.4) (63) (0.1) (1.1) (0.2) (0.1) (2.2) 
Table 9.2: Composition of Battery Waste 
Concentration mgtl (meq/I) 
Cu 
6 
(0.2) 
0 
0 
Ca Na Fe K Mg Ni Pb Zn Cd Cu 
Total 447 141 31 10 8 5 14201 7 0 
concentration 1 (22) (6) (1.7) (0.3) (0.7) (0.2) (137) (0.2) 
In solution at 117 64 0 10 8 0 3 0 0 
pH 62 (6) (3) (0.3) (0.7) (0.1) 
In solution at 116 66 0 11 8 0 81 0 0 
pH 4 2 (6) (3) (0.3) (0.7) (0.8) 
In solution after 123 98 0 14 7 0 20 0 0 
t\\O stage pH (6) (4) (0.4) (0.6) (0.2) 
adjustment 
(pH 4-6)2 
1 Determined by analysis of filtrate and digested solids 
2 Concentration in solution after adjustment to appropriate pH and centrifugation to remove 
solids content 
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Electroplating Effluent 
The main heavy metals present in the electroplating waste are zinc and nickel at 
concentrations of more than 17,000 mgtl and 150 mgtl respectively. Most of the constituents 
of the waste are associated with the solid phase, as demonstrated by the low concentrations 
remaining in solution at pH 6.0 and pH 4.0. Negligible levels of metals are released when 
the pH is dropped to pH 4.0 from pH 6.0. In comparison to other electroplating waste 
streams, the heavy metal loading in the Metal Colours waste is low, but this may be due to 
the current practice of segregating the waste streams. Although samples were not obtained 
of the cyanide and chromium streams, it is anticipated that they may be much more 
concentrated. The waste stream sampled is more similar to a rinse water: high volumes of 
relatively dilute metals, mixed with a cocktail of other chemicals. Sodium concentrations in 
excess of 1500 mgtl are present in solution at pH 6.0, mixed with calcium, magnesium and 
potassium, the competing ions studied in more depth in Chapter 8. The high levels of iron 
(5638 mgtl) are present in the solids, and not solubilised at any of the pH levels studied. 
Battery Waste 
The battery waste effluent is contaminated primarily with lead although, as with the 
electroplating waste, it is mainly in solid form as lead oxide. At pH 6.0 only 3 mgtl of lead is 
in solution, which rises to 81 mgtl at pH 4.0. It is recognised that at pH 6.0 centrifugation 
would be suitable as a sole treatment method, but the pH of the waste was lowered to 
increase the heavy metal concentration in solution to permit treatment by the zeolites. Since 
at the time of sampling the centrifuge was not in use at the Exide plant, this process mimics 
the blending with the acid waste stream and possible dissolution of any solids not removed 
through the settlement process. The pH of the effluent is then raised to pH 6.0 with sodium 
hydroxide solution, to prevent dissolution of the synthetiC zeolites. After the two-stage pH 
adjustment procedure, it was found that 20 mgtl of lead, 123 mgtl of calcium and 98 mgtl of 
sodium were present in solution. 
(9.3.4) Results 
Electroplating Effluent 
The total heavy metal removals achieved by each zeolite and by centrifugation from the 
electroplating effluent are presented in Table 9.3. The removals are calculated as the 
average percentage from the total concentrations in the waste (Le. the concentrations in the 
solids and in solution). Evaluating the centrifugation process alone with no zeolite addition 
indicates that 100% of the iron is removed, as is in excess of 95% of nickel, zinc and copper. 
The solids must contain just over half of the total sodium content, since 56% of the initial 
sodium is removed by centrifugation alone. Figure 9.2 illustrates the removals achieved as a 
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Table 9.3: Total Removals Achieved from Electroplating Effluent 
7' 
o 
-
Removal (%) 
Ca Na Fe K MQ Ni Zn Cu 
Centrifugation 87 56 100 0 81 96 98 97 
only 
Centrifugation & 94 52 100 11 84 96 100 94 
Zeocros CA 150 
Centrifugation & 95 53 100 22 83 96 100 95 
Zeocros CG 180 
Centrifugation & 84 54 100 0 82 96 98 96 
unconditioned 
clinoptilolite 
Centrifugation & 86 55 100 31 83 95 98 96 
conditioned 
clinoptilolite 
Figure 9.2: Removal by Natural and Synthetic Zeolites from 
Centrifuged Electroplating Waste 
Ni Zn Ca K Mg 
Zeocros CA 150 
• Zeocros CG180 
o Unconditioned clinoptilolite 
• Conditioned Clinoptilolite 
Experimental Conditions 
Contact time 
Zeolite slurry 
Zeolite dosage 
227 
2 hours 
pH 6.0 
111 mg/ 100 ml 
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result of the zeolite addition, calculated as a percentage of the corresponding concentration 
in solution at pH 6.0. 
Negligible amounts of nickel or copper are removed from solution when any of the zeolites 
are added, although the synthetic zeolites and the conditioned clinoptilolite remove 
significant levels of potassium. The conditioned clinoptilolite proves the most efficient for 
potassium uptake, removing 64%. In contrast, the unconditioned sample releases 
potassium into solution. Only small quantities of magnesium are removed from solution (less 
8%), with the clinoptilolites demonstrating the greatest removal efficiencies. 
No significant difference can be observed between Zeocros CA150 and Zeocros CG180 in 
terms of zinc removal, as both remove greater than 76%. Conditioning the natural zeolite 
slightly enhances the zinc uptake, but the clinoptilolite is much less selective, removing less 
than 10%. Zeocros CG180 removes 64% of the calcium left in solution in comparison to 
57% removal attained by Zeocros CA 150, whilst both of the natural zeolites release calcium 
into solution. Zeocros CA 150 also releases the greatest quantity of sodium into solution at 
9%, followed by CG180 at 8%. The conditioned clinoptilolite releases the least (or 
conversely removes the most) sodium. 
Battery Manufacturing Waste 
As with the electroplating effluent, centrifugation removes virtually all of the nickel and iron 
from the battery waste. If the pH of the effluent is adjusted down to 4 and subsequently 
increases up to pH 6 .0, nearly complete removal of the lead (99.85%) can also be achieved 
by centrifugation (Table 9.4). However, this still leaves a residual of 20 mgtl of lead in 
solution, which can be removed completely by all four zeolites (Figure 9.3). What must be 
emphasised is that complete removal of the lead is achieved, despite the presence of 
considerable quantities of competing ions. The conditioned clinoptilolite shows enhanced 
potassium removal, at 630/0, but all four zeolites show removals in excess of 40%, compared 
to the negligible removals observed in the previous study. Negligible magnesium removal is 
achieved by Zeocros CA150 and CG180, whilst the untreated clinoptilolite releases 
approximately 7% and the conditioned 8%. 
In correlation with the results from the electroplating waste, only the synthetiC zeolites 
remove significant quantities of calcium, whilst the unconditioned clinoptilolite releases 
greater levels of calcium. The difference between the two natural zeolites is exacerbated 
when treating the battery waste rather than the electroplating effluent. No difference can be 
seen between the sodium release from Zeocros CA 150 and CG180, with the conditioned 
and unconditioned clinoptilolites releasing 6% and 2% of sodium into solution respectively. 
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Table 9.4: Total Removals Achieved from Battery Waste 
-~ 
-
Removal (%) 
Ca Na Fe K Mg Ni Pb Zn 
Centrifugation 73 31 100 0 15 99 100 93 
only 
Centrifugation & 78 0 100 43 14 100 100 91 
Zeocros CA 150 
Centrifugation & 80 0 100 30 15 99 100 90 
Zeocros CG 180 
Centrifugation & 73 30 100 18 9 100 100 90 
unconditioned 
cl i noptilolite 
Centrifugation & 74 27 100 54 8 100 100 90 
conditioned 
clinoptilolite 
Figure 9.3: Removal by Natural and Synthetic Zeolites from 
Centrifuged Battery Wastes 
Pb 
• Zeocros CA 150 
• Zeocros CG180 
o Unconditioned clinoptilolite 
• Conditioned Clinoptilolite 
Ca K Mg 
Experimental Conditions 
Contact time 
Zeolite slurry 
Zeolite dosage 
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2 hours 
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(9.4) Discussion 
Removal studies from synthetic single metal solutions enabled the following selectivity 
sequences to be determined: 
Zeocros CA 150 Pb > Zn » Cd > Cu » Ni 
Zaocros CG180 Pb > Cd > Zn > Cu» Ni 
Unconditioned cllnoptllollte Pb > Cu > Cd > Zn > Ni 
Conditioned cllnoptllollte Pb > Cu = Cd > Zn > Ni 
It is apparent that for all metals except copper, the synthetic zeolites are more effective at 
heavy metal removal. Zeocros CA150 is more effective than CG180 at removing lead, 
nickel, copper and zinc under the experimental conditions. 
The conditioning process detailed in Section 9.2.2 enhances copper, cadmium and zinc 
removal by clinoptilolite (Figure 9.1), but decreases removal of lead. The natural zeolite can 
only outperform either of the synthetic zeolites for copper uptake, and only if conditioned. If, 
as suspected in Chapter 6, copper exchange with both of the synthetic zeolites is the most 
unstable with respect to pH, this may partly explain the higher removal selectivity of the 
conditioned clinoptilolite. The natural zeolite has a silicon-to-aluminium ratio of 5.1:1, 
indicating a significantly lower exchange capacity but much higher resistance to proton 
exchange and hydrolysis than either CG 180 or CA 150 (Dyer 1988). 
Calcium and JX)tassium release is observed from both forms of the natural zeolite, which 
corresponds with the results of the X-ray fluorescence analysis given in Chapter 4. If the 
chemical formulas determined from the XRF analysis are studied the nature of the 
exchangeable ions in the clinoptilolite can be determined: 
• Milled clinoptilolite 
(Na20)O.51(~O)o . .(CaO)o.1~MgO)O.11(Fe203)O.04(TI02)O.01(AI203)1.O<Si02)10.17.6.5H20 
(3.6) 
• Conditioned clinoptilolite 
(Na20)o.n<K20)o.1~CaO)o.oe(MgO)o.og(Fe203)o.04(TIO~o.o1(AI203)1.O<SI02)10.12.7.1H20 
(3.7) 
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The conditioning process substitutes sodium ions for calcium and potassium ions in the 
clinoptilolite framework, enhancing removal of copper, cadmium and zinc. Magnesium ions 
do not appear to be easily displaced, with only a slight decrease in the magnesium content 
of the zeolite seen as a result of conditioning. Magnesium does not appear to be removed 
when treating electroplating effluent, but is released when treating battery waste. After 
closer examination of the XRF analysis (equations 3.6 and 3.7) it can be noted that even 
after the relatively severe conditions of the conditioning process not all of the magnesium is 
exchanged. It appears that the magnesium in the clinoptilolite framework cannot be easily 
displaced by sodium, but may be displaced by one of the cations in the battery waste, 
possibly lead. This would reinforce the belief that different types of exchange sites are 
present in zeolites and that some are more accessible than others (Uytterhoeven 1984, 
Costenoble 1976, Townsend 1991). 
Sodium release is much higher from the synthetic zeolites than the clinoptilolite, whilst the 
conditioned clinoptilolite releases the least. Since the composition of both of the synthetic 
zeolites indicates that the main exchangeable ion in the zeolite frameworks is sodium (see 
equations 3.1 and 3.3 belOW) this can be correlated with the high sodium release and 
negligible calcium and magnesium releases observed. The degree of sodium picked up by 
the natural zeolites is difficult to determine, as they may remove greater levels than CA 150 
or CG 180, or may simply release less due to their lower initial sodium content. 
• Zeocros CA 150 
(Na20)1.03(Al203)1.o(SI02)1.ee(MgO)O.01.4.3H20 (3.1) 
• Zeocros CG180 
The synthetiC zeolites prove more selective for calcium removal than the natural zeolite, 
which was expected given their common use as water softeners. The low selectivity 
displayed by Zeocros CA150 and CG180 was more unexpected, although the apparent 
reluctance of the synthetic zeolites to exchange magnesium in a mixed waste does confirm 
the results presented in Chapter 8, where similar low magnesium uptakes were observed. In 
comparison, the clinoptilolite sample studied does appear to have a higher affinity for 
magnesium. 
Some attention must be paid to the practical aspects of the application of zeolites to mixed 
metal wastes. The experimental protocol adopted in this study assumes the pH correction of 
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a zeolite slurry and then the subsequent addition of a waste buffered to pH 6.0. In practice, 
this may be a complicated procedure. This study has not determined whether adjusting the 
pH of the waste and adding to an uncorrected zeolite slurry results in significant precipitation 
of the heavy metals rather than ion exchange. An additional study performed by Rivers-
Latham (1999) in conjunction with this work did indicate that whilst calCium, magnesium and 
potassium removals are slightly enhanced, little change is observed in the heavy metal 
removal from either waste, although the synthetic zeolites achieved Slightly higher removals 
if adjusted to pH 6.0. 
A key practical issue is that of particle size. It must be noted that the clinoptilolite sample 
was specially milled to reduce the particle size to a level comparable to the synthetic 
zeolites'. If used as received, it is anticipated that the significantly larger particle size would 
result in much lower heavy metal removals as proven elsewhere in the literature, (Malliou 
1992, Malliou 1994, Bergstedt 1997). It is recognised that fine particles usually require 
effluents to be treated in a batch operation, since the small particles can blind in column 
operation, resulting either in an impermeable layer, or flow short circuiting down the edges of 
the column. Zeolite fines may also be washed away with the flow, resulting in materials loss. 
If column operation is required, it may be necessary to pel/etise the synthetiC zeolites to 
obtain a more manageable product. Agglomeration of the zeolite fines into pellets can 
reduce exchange capacity, since access into the internal pore structure of the zeolite will be 
limited (Carland 1985b). It is possible that the binder may itself contribute considerable 
adsorptive properties and enhance metal removal (Groftman 1992). The physical properties 
of the zeolites may also be ameliorated, with improved attrition resistance. It is suggested 
that future pelletisation studies may be useful, to ascertain if the loss of capacity outweighs 
by the more manageable nature of the zeolite pellets. 
A comparison of the residual metal concentrations achieved by the treatment process with 
the consent limits applied by the Environment Agency to Metal Colours and Exide would be 
useful, but due to the confidential nature of such limits, this information could not be 
obtained. Consent limits are specific to each discharge, and are dependent upon the nature 
of the effluent, the receiving watercourse or sewer, volume of flow and other discharges 
within the catchment. Relevant legislation includes the EEC Dangerous Substances 
Directive (761464/EEC) and the UK Water Resources Act 1991. 
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(9.5) Summary 
The heavy metal removal performance of Zeocros CA150 and Zeocros CG180 has been 
assessed in comparison to conditioned and unconditioned clinoptilolite. The synthetic 
zeolites generally proved more efficient in removing heavy metals from synthetic solutions. 
The conditioned clinoptilolite was found to be more effective than either of the synthetic 
zeolites in terms of copper removal. 
T~ industrial effluents, an electroplating rinsewater and a battery manufacturing waste, 
were characterised and treated with all four zeolites, to assess the potential as a treatment 
technology. In combination with a centrifugation stage to separate the zeolites from solution, 
removals of 96%, 100%, and 97% of nickel, zinc and copper respectively can be achieved 
from the electroplating effluent. With respect to the treatment of the battery manufacturing 
effluent, 100% of the lead and 93% of the initial zinc was removed. 
None of the zeolites are particularly selective for nickel, and the use of zeolites is not 
recommended for the treatment of nickel contaminated effluents. Although low residuals are 
achieved, this is mainly due to the centrifugation process, since nickel content of the 
effluents is mainly associated with the solid fraction. For wastes high in zinc, only the 
synthetiC zeolites are recommended, as little selectivity is demonstrated by the clinoptilo/ite 
samples. 
In conclusion, the synthetic zeolites generally achieve higher removal rates than the natural 
zeolites. Although the t\\O effluents studied were not ideal for treatment by zeolites, since 
the levels of heavy metals in solution were relatively low, the objective of the study was to 
assess the ability of the zeolites to treat actual effluents. It must be emphasised that the 
synthetic zeolites can be successfully applied despite the complex nature of the effluents 
studied. 
Both Zeocros CA150 and CG180 can be used to remediate the industrial effluents studied, 
and the results obtained correlate well with those previously determined in Chapter 8 from 
the treatment of synthetic wastes. This study has proved that Zeocros CA150 and Zeocros 
CG 180 can successfully treat these effluents to low levels, despite the presence of 
considerable levels of competing ions, demonstrating their potential as a tertiary treatment 
method. 
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Chapter 10 
Discussion 
(10.1) Discussion of Current Work 
As the results of each of the individual studies have been discussed in detail in each chapter, 
this section will consider the previous finding as a whole. A comparison between the 
separate studies will be provided, highlighting the common features and contrasts across the 
entire doctoral \\Urk. 
Selectivity profiles are a usual tool in determining the ability of a zeolite to treat mixed metal 
wastes. Summaries of the selectivities of Zeocros CA 150 and CG 180 from single and mixed 
metal solutions are given in Tables 10.1 and 10.12 respectively. In general, both zeolites 
remove lead in preference to any other metals present, and nickel is the least preferred. 
Common factors affecting the selectivity of zeolites for different cations include the size of 
the cation, the size of the zeolite channels, the ease with which the cation can shed its' 
coordinated water molecules and the degree of interaction of the cation with the zeolite 
frame\\Ork. 
Table 10.1: Selectivity Sequences for Zeocros CA 150 
Study Single Metal Solutions Mixed Metal Solutions 
Contact time Pb > Cd > Zn > Cu » Ni 
pH Cd > Zn > Pb > Cu » Ni 
Dosage/concentration Pb » Cu > Cd = Zn > Ni 
Competing ions Pb > Cu > Cd > Zn > Ni 
Real wastes Pb > Zn » Cd > Cu » Ni 
Table 10.2: Selectivity Sequences for Zeocros CG180 
Study Single Metal Solutions 
Contact time 
pH 
Dosage/concentration 
Competing ions 
Real wastes 
Pb > Cd > Cu > Zn » Ni 
Pb = Cu = Cd > Zn » Ni 
Pb » Cu > Cd = Zn > Ni 
Pb > Cu > Cd > Zn > Ni 
Pb > Cd > Zn > Cu » Ni 
Pb > Cu > Cd > Zn » Ni 
Pb > Cd > Cu > Zn » Ni 
Pb » Cu > Cd = Zn > Ni 
Mixed Metal Solutions 
Pb > Cu > Cd > Zn » Ni 
Pb > Cu > Cd > Zn » Ni 
Pb » Cu > Cd = Zn > Ni 
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Table 10.3: Reported zeolite pore sizes (Meier 1988) 
Zeolite Structure Type Code 
Zeolite 4A LTA 
Zeolite P GIS 
Clinopfilolite HEU 
Pore Sizes (1) 
4.1 x 4.1 
3.1 x 4.5 
2.8 x 4.8 
2.6 x 4.7 
3.0 x 7.6 
3.3 x 4.6 
The reported pore sizes of the three zeolites studied are given in Table 10.3. It is noted that 
Zeocros CA150 (zeolite 4A) has one type of pore opening (4.1A x 4.1A), which will not 
theoretically permit hydrated divalent copper, cadmium and zinc ions to enter the zeolite 
frame~rk (Table 10.4) and may have difficulties admitting hydrated lead and nickel ions. 
Both Zeocros CG180 and clinoptilolite have more than one type of pore opening, although all 
of them have at least one dimension smaller than zeolite 4A. 
The radii of unhydrated cations are much smaller (Table 10.4), indicating that the ease with 
which a cation can shed its hydration sheathes is an additional factor in determining the 
selectivity of the zeolite for a specific cation. On the basis of the radius of the unhydrated 
cation, the following selectivity sequence could be anticipated: 
The enthalpy of hydration of a cation can be used to assess the interaction of the cation with 
its hydration sheath. A cation with a low enthalpy of hydration is most likely to detach its 
coordinated water molecules, whilst a high enthalpy of hydration would suggest that the 
cation ~uld prefer to stay in solution (Ahmed 1998, Keane 1998, Burgess 1978). 
Considering the enthalpies of hydration of the cations concerned (Table 10.5) the follOwing 
selectivity sequence can be predicted: 
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A model developed by Eisenmann and modified by Sherry (Sherry 1969, Semmens 1981) 
also includes the electrostatic interaction between the cation and the zeolite framework as a 
contributory factor to zeolite selectivity. Sherry (1969) states that this coulombic energy of 
interaction is determined by the distance between the fixed charges in the zeolite framework 
(Le. the aluminium content) and the radii of the cations and anions, with small diameter, 
highly charged ions being the most strongly attracted to the negatively-charged zeolite. The 
quantity of water in the zeolite can also have an impact, as the water-cation and water-anion 
interactions can affect the electrostatic fields. The strength of the anionic fields in the 
synthetiC zeolites may be higher than the clinoptilolite, as the aluminium contents of the 
zeolites are greater. 
Table 10.4: Radii of Metal Cations (Semmens 1981) 
Metal Hydrated Radius (1) Unhydrated Radius (1) 
Na+ 3.58 0.98 
~ 3.31 1.33 
Pb2+ 4.01 1.32 
Ni2+ 4.04 0.72 
Cu2+ 4.19 0.82 
Q/+ 4.26 1.03 
Zn2+ / 4.30 0.83 
Table 10.5: Enthalpies of Hydration (Burgess 1978) 
Metal Enthalpy of Hydration 
(KJ/mol) 
K+ -321.128 
Na+ -405.701 
Pb2+ -1495.94 
ca2+ 
-1593.5 
Q/+ 
-1807.02 
Mg2+ 
-1923.42 
Zn2+ -2045.67 
Cu2+ -2101.77 
Ni2+ -2107.22 
Fe3+ -4379.39 
AI3+ 
-4662.84 
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The selectivity for lead can partly be attributed to its low enthalpy of hydration, as lead will 
lose its coordinating water molecules fairly easily. The high enthalpy of hydration of nickel 
also explains the low selectivity for nickel, since on the basis of the unhydrated ion size 
nickel is the smallest of those studied. It is also possible that the small unhydrated divalent 
nickel ion may bind to the fixed charges of the pore opening as it tries to enter the zeolite 
frame\\Ork (Sherry 1969). This is unlikely, however, as it would be expected to affect the 
removal of other ions. An additional factor for the low preference for nickel may be its 
capability for forming complexes, as discussed in Chapter 8. 
It is clear from Tables 10.1 and 10.2 that selectivity for copper, cadmium and zinc varies 
throughout the experimental work. This may be due to the hypotheSiS suggested in 
Chapters 5 and 6 that both Zeocros CA150 and Zeocros CG180 may begin to dissolve and 
possibly reprecipitate as new aluminosilicate solids, as documented elsewhere in the 
literature (Allen 1983, Cook 1982, Drummond 1982). Whilst across each individual study the 
effect of this is often not clear, results of heavy metal uptake under similar experimental 
conditions for Zeocros CA150 and Zeocros CG180 have been collated in Tables 10.6 and 
10.7. It is acknowledged that performing the experiments in triplicate would have provided 
additional clarification on experimental variation, but the increase in experimental work was 
not possible within the context of this programme. 
Controlling the pH of Zeocros CA150 and CG180 throughout the experimental programme 
proved difficult, due to the complex nature of the buffering reactions of the zeolites. In the 
laboratory, considerable care was taken to enforce uniform experimental conditions, but the 
variations observed in Tables 10.6 and 10.7 were beyond reasonable experimental control. 
It must also be noted that such careful control would not be feasible in practice, as extremely 
complex process control measures would be required. The possible dissolution of these 
zeolite materials must be recognised in the context of their application in environmental 
control, a factor that is not widely diSCUssed in the published literature. Whilst some highly 
specific papers on zeolite hydrolysis have been published (Allen 1983, Cook 1982, Harjula 
1993a), the phenomenon is not generally discussed in papers related to heavy metal 
removal performance. 
Issues regarding the practical application of both Zeocros CA150 and CG180 have been 
discussed in Chapter 9, and a summary of the advantages and disadvantages of using both 
natural and synthetiC zeolites is given in Table 10.8. Perhaps the most contentious issue is 
to whether the pH adjustment to pH 6.0 of the zeolite slurries performed in this work is 
feasible in a full- scale application. It must be emphasised that the main purpose of the pH 
adjustment procedure was to ensure that precipitation was not taking place and that ion 
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Table 10.6: Variation in metal removals from single metal solutions 
Average removal achieved In study 
(%) Mean SD (%) (%) 
Contact time Competing pH 
Ions 
Pb 100 100 85 95 9 
Z80CroS NI 18 2 17 12 9 
CA150 Cu 59 43 87 63 23 
Cd 94 59 100 84 22 
Zn 89 100 93 94 6 
Pb 100 100 99 99 1 
Z80cros NI 25 0 9 11 12 
CG180 Cu 88 22 99 70 42 
Cd 99 84 99 94 9 
Zn 89 75 68 n 11 
Table 10.7: Variation in metal removals from mixed metal solutions 
Average removal achieved In atudy 
(%) Mean SD (%) (%) 
Contact time Temperature pH 
Pb 100 100 100 100 0 
Zeocros NI 2 17 12 10 8 
CA150 Cu 92 95 98 95 3 
Cd 56 88 100 81 23 
Zn 39 72 98 69 30 
Pb 100 92 97 96 4 
Z80CroS NI 0 11 2 5 6 
CG180 Cu 58 85 88 n 16 
Cd 25 85 66 59 31 
Zn 12 68 48 43 29 
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Table 10.8: Advantages and disadvantages of using zeolites for effluent treatment 
Synthetic Zeolites 
Advantages 
.,., Homogenous starting material 
.,., No pretreatment required 
.,., Greater exchange capacities 
.,., Less affected by addition of competing 
ions 
.,., Fast kinetics 
.,., Detergent building zeolites widely 
available 
Disadvantages 
X Low acid stability (if low Si:AI) 
X Not suitable for column operation 
X May require pelletisation 
Natural Zeolites 
Advantages 
.,., Greater acid stability (if high Si:AI) 
.,., Cheap materials 
.,., Larger particle sizes 
.,., May be easily applied in column 
operation 
Disadvantages 
X Pretreatment required 
X Inhomogeneous material 
X May not be indigenously available 
X Generally lower exchange capacities 
exchange was the predominant removal mechanism. It is important to note that the 
suspected instability of both Zeocros CA150 and CG180 in mildly acidic conditions does 
cause complications, as correction to pH 6.0 may induce dissolution. As discussed 
previously, this factor is not widely recognised. 
(10.2) Comparisons with Previous Work in this Area 
Previous work on zeolite hydrolysis and degradation (Allen 1983, Cook 1982, Harjula 1993a, 
1993b, 1993c) suggested that both Zeocros CA 150 and Zeocros CG 180 would dissolve 
under acidic conditions. The degree and rate of dissolution at pH 6.0 believed to occur 
within this work, however, was not anticipated. It is emphasised that many of the papers 
published in the area do not include any consideration of the possible degradation of the 
zeolites. Nevertheless, both of the synthetiC zeolites studied show considerable removal 
efficiency for lead, cadmium, zinc and copper. The selectivity profiles determined for 
Zeocros CA150, a synthetiC zeolite 4A, can be compared with those determined elsewhere 
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in the literature. Hertzenberg (1983) reported the following selectivity sequence for zeolite 
4A, which is largely in agreement with the findings of this study: 
Pb > Cu » Cd > Zn > NI 
Wiers (1982) reported a slightly different profile: 
Pb>Cd> Cu 
Both of the selectivity sequences have been reproduced within this body of work, suggesting 
that the relative selectivity of 4A for copper, cadmium and zinc is variable, and may be 
dependent upon changes in the experimental conditions. 
In terms of the selectivity of the clinoptilolite for the heavy metals studied, the conditioned 
clinoptilolite provided the following selectivity sequence: 
Pb > Cu = Cd > Zn > NI 
Other authors have reported similar sequences, largely in agreement with the one 
determined above: 
Pb » Cu > Cd > Zn 
Pb > Cu = Cd > Zn > NI 
Pb > Cd > Cu > Zn > NI 
(Semmens 1981) 
(Blanchard 1984) 
(Zamzow 1992) 
As noted in Chapter 7, the exchange capacities determined for Zeocros CA150 are also in 
good agreement with those elsewhere in the literature (Biskup 1998, Blanchard 1984, 
Malliou 1994). 
(10.3) Achievements of Current Work 
The achievements of the experimental programme can be summarised as follows: 
• The potential of Zeocros CA 150 and Zeocros CG 180 to remove heavy metals from both 
synthetiC and real effluents has clearly been demonstrated. As the heavy metal removal 
performance of both materials has not previously been established, this evaluation is 
original contribution. 
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This study has demonstrated the importance of pH in the application of Zeocros CA 150 
and Zeocros CG180, as it is believed to govern the stability of both materials (Cook 
1982, Allen 1983, Drummond 1982). Zeolite dissolution appears possible at pH levels 
below 6.0, a fact not widely recognised in the general literature. 
• Contact time has also been identified as a key parameter, and it is suggested that it may 
determine the degree of any zeolite hydrolysis occurring in addition to affecting the ion 
exchange kinetics. 
• The effect of environmentally abundant competing ions has been assessed, at realistic 
levels likely to occur in practice. This investigation also assessed the order of addition of 
competing ions, to mimic a range of exposure conditions. Minimal adverse effects were 
observed on lead, copper and cadmium uptake by Zeocros CA150 and CG180 in the 
presence of competing ions, although zinc removal is more sensitive to their addition. 
• Zeocros CA150 and Zeocros CG180 have been found to outperform clinoptilolite for 
lead, cadmium, nickel and zinc removal under identical experimental conditions. 
(10.4) Shortcomings of Current Work 
If it were possible to repeat the experimental programme, with hindsight, a number of 
modifications would be suggested: 
• Silicon and aluminium release 
Monitoring framework cations in solution was not originally included in the experimental 
programme, and was added to provide further insight into the loss of removal capacity 
observed with increasing contact time and decreasing pH. Future studies should 
determine the levels of these cations in solution, as they are an important indicator of 
zeolite dissolution. 
• Variation In results 
If the control over the pH adjustment of the synthetic zeolites could have been improved, 
it may have been possible to reduce the variation observed in the results (Table 10.6 
and 10.7). The nature of the synthetic zeolites, however, suggests that this may not be 
possible, as supported by the variation in selectivities and exchange capacities observed 
in the literature. 
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• Treatability studies 
Performing treatability studies on further types of industrial effluents would have been 
advantageous to demonstrate the wider applications of the zeolites for higher heavy 
metal concentration levels. 
(10.5) Work Beyond the Scope of the Current Research 
It is acknowledged that the current research has highlighted some areas in need of further 
investigation beyond the field of research. Primarily, confirmation of the hypothesiS of zeolite 
dissolution of Zeocros CA150 and CG180 is required. A more detailed understanding of any 
degradation of Zeocros CA 150 and CG 180 is needed to fully comprehend the behaviour of 
the zeolites under acidic conditions. This could be achieved through a comprehensive study 
with the use of X-ray diffraction analysis. A more detailed microstructural analysiS of the 
metal-loaded zeolites by scanning electron microscopy may also prove useful in the 
evaluation of the degradation products. 
The classical approach to zeolite selectivity is the construction of ion exchange isotherms, 
from which ion exchange equilibria can be derived and modelling of zeolite selectivity 
performed (Townsend 1991, 1984). Whilst it is acknowledged that this would provide 
important information about the materials studied, it is emphasised that this approach would 
be inappropriate for the work undertaken in this study. The objective of the research was to 
provide key knowledge on the performance of these zeolites for environmental applications 
rather than replicating traditional studies. 
(10.6) Recommended Research In this Area 
In addition to the limitations of the current study, some areas of research that merit further 
investigation have also been identified. 
• Acid stability and degradation products 
The identification of the suspected dissolution products of Zeocros CA 150 and Zeocros 
CG180 is recommended (Allen 1983, Cook 1982) possibly in combination with the 
evaluation of their adsorption capacities. An investigation into methods of preventing 
zeolite dissolution would be beneficial, as the zeolites with the highest eXChange 
capacities exhibit the lowest acid stabilities. Conversely, it may be possible to 
investigate the pretreatment of zeolites with higher silicon to aluminium contents to 
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enhance their exchange capacities whilst capitalising upon their greater acid resistance. 
• Pelletlsatlon and zeolite processing 
It is strongly recommended that methods of pelletising the synthetic zeolites be 
developed to provide a more suitable material for column operation. Whilst a loss in 
exchange capacity is predicted, it is anticipated that this would be offset by the 
advantages gained in handling and use of the products. Incorporation of the two zeolites 
within membranes is another option to consider. 
• Regeneration studies 
If all the ion exchange characteristics of the zeolites are to be exploited, it is 
recommended that regeneration studies should be performed to establish whether the 
zeolites can successfully be regenerated and determine the possibility of materials 
recovery. 
• Pilot scale testing 
A key extension of the current work is to develop the technology at pilot scale rather than 
bench scale. With the current particle size of the zeolites, this would involve the 
development of a separation process capable of removing sub- 11m particles from 
suspension. However, should pelletisation also be investigated, column operation of the 
treatment technology could be assessed. 
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Chapter 11 
Conclusions 
The objective of this study was to assess the heavy metal removal performance of two 
synthetic zeolites, Zeocros CA150 and Zeocros CG180, manufactured by Crosfield Ltd and 
determine their potential use in environmental control applications. Since both zeolites are 
commonly used as detergent builders for calcium and magnesium removal, it is clearly 
critical to determine whether heavy metal removal still occurs in presence of these 
environmentally abundant competing ions. A comprehensive evaluation of the performance 
of Zeocros CA150 and CG180 as a function of pH, contact time, and metal concentration 
and zeolite dosage was also required. The following conclusions have been drawn from the 
completed work: 
• Zeocros CA150 and Zeocros CG180 have been identified as potential ion exchange 
materials for the effective removal of heavy metals (lead, copper, cadmium and zinc). 
• Zeocros CA 150 and Zeocros CG 180 proved more effective for heavy metal removal than 
a natural zeolite, clinoptilolite, under the same experimental conditions. 
• It is hypothesised that Zeocros CA 150 and Zeocros CG 180 may undergo significant 
hydrolysis at pH 6.0, partially dissolving and apparently forming degradation products. 
This phenomenon is recognised in specialised publications on the hydrolysis of zeolite A 
and other synthetiC zeolites (Allen 1983, Cook 1982, Drummond 1983, Harjula 1993). 
This effect is identified within this study as a major consideration when evaluating their 
practical application. 
• Contact time and pH have both been identified as critical parameters for heavy metal 
removal by Zeocros CA150 and Zeocros CG180, as it is believed that they may 
determine the extent of any hydrolysis reactions of the zeolites (Allen 1983, Cook 1982, 
Drummond 1983, Harjula 1993) and hence their dissolution and their subsequent 
performance. 
• The removal efficiencies of the zeolites for lead, copper and nickel have been 
demonstrated to be unaffected by the presence of competing ions. The removal of zinc, 
however. is adversely affected in the presence of calcium and magnesium ions. Both 
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materials displayed a low selectivity for nickel, and are not recommended for its 
treatment. 
Treatability studies on two industrial effluents confirmed the potential application of 
Zeocros CA 150 and Zeocros CG 180 as a tertiary treatment method for efficient heavy 
metals removal from real contaminated effluents. 
• In general Zeocros CA150 showed better removal performance in comparison to 
Zeocros CG180, particularly at low pH levels. It is noted, however, that Zeocros CG180 
does display higher exchange capacities for lead and copper than Zeocros CA 150 under 
the experimental conditions studied. 
Zeocros CA 150 and Zeocros CG 180 have been demonstrated to achieve high heavy metal 
removals, and may prove more effective than conventional precipitation methods and ion 
exchange materials. Due to their small particle size their practical application for industrial 
effluent treatment is restricted since column operation is not possible and sophisticated 
solids separation measures would be required. Such issues have a major impact on the 
economic feasibility of their application, in addition to the zeolite costs. Whilst zeolites hold 
great potential as a treatment technology, it must be emphasised that their application must 
be considered carefully, particularly in light of their potential dissolution. 
Although the main focus of this work is the remediation of contaminated effluents, it is 
recognised that much of the information provided will be equally valid for other environmental 
control applications involving heavy metal ion exchange such as contaminated land 
remediation or waste stabilisation. Ion exchange with zeolites offers many exciting 
possibilities in environmental control applications. The prospect of less sludge production, 
lower landfill costs, reduced chemical consumption during metal treatment and the ability to 
meet more stringent regulatory standards is attractive, particularly if the ultimate aim of 
materials recovery and regeneration can be achieved. 
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Chapter 12 
----~ i~' •. ____ • 
Appendices 
Appendix 1: 
Electrochemical Equilibria of Nickel in Aqueous 
Solutions 
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Figure 12.1: Nickel hydroxide species in water at 25°C (Pourbaix 1974) 
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Appendix 2: 
The Effect of Competing Ion Addition on Heavy Metal 
Removal 
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Figure 12.2: Heavy Metal Removal by Zeocros CA150 In Soft Water 
Systems 
Pb Ni 
Metal Only 
• Metal addition then 
hardness 
• Hardness addition 
then metal 
o Simultaneous metal 
and hardness 
addition (2:1) 
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addition 4: 1 
Figure 12.3: Heavy Metal Removal by Zeocros CG180 In Soft Water 
Systems 
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Figure 12.4: Heavy Metal Removal by Zeocros CA150 In Medium Hard 
Water Systems 
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Figure 12.5: Heavy Metal Removal by Zeocros CG180 in Medium Hard 
Water Systems 
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Figure 12.6: Heavy Metal Removal by Zeocros CA150 In Hard Water 
Systems 
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Figure 12.7: Heavy Metal Removal by Zeocros CG180 In Hard Water 
Systems 
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